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In 2015, it was determined that the United States Department of Defense had been 
shipping samples of B. anthracis spores which had undergone gamma irradiation but were 
not fully inactivated.  In the aftermath of this event alternative and orthogonal methods 
were investigated to analyze spores determine their viability.  In this thesis we demonstrate 
a novel analysis technique that combines bright-field microscopy imaging with Raman 
chemical microscopy. 
We first developed an image segmentation routine based on the watershed method to 
locate individual spores within bright-field images.  This routine was able to effectively 
demarcate 97.4% of the Bacillus spores within the bright-field images with minimal over-
segmentation. Size and shape measurements, to include major and minor axis and area, 
were then extracted for 4048 viable spores which showed very good agreement with 
previously published values. When similar measurements were taken on 3627 gamma-
irradiated spores, a statistically significant difference was noted for the minor axis length, 
 
 iii  
 
ratio of major to minor axis, and total area when compared to the non-irradiated spores.  
Classification results show the ability to correctly classify 67% of viable spores with an 
18% misclassification rate using the bright-field image by thresholding the minimum 
classification length. 
Raman chemical imaging microscopy (RCIM) was then used to measure populations 
of viable, gamma irradiated, and autoclaved spores of B. anthracis Sterne, B. atrophaeus. 
B. megaterium, and B. thuringiensis kurstaki.  Significant spectral differences were 
observed between viable and inactivated spores due to the disappearance of features 
associated with calcium dipicolinate after irradiation.  Principal component analysis was 
used which showed the ability to distinguish viable spores of B. anthracis Sterne and B. 
atrophaeus from each other and the other two Bacillus species. 
Finally, Raman microscopy was used to classify mixtures of viable and gamma 
inactivated spores.  A technique was developed that fuses the size and shape characteristics 
obtained from the bright-field image to preferentially target viable spores.  Simulating a 
scenario of a 
A practical demonstration of the technique was performed on a field of view 
containing approximately 7,000 total spores of which are only 12 were viable to simulate 
a sample that was not fully irradiated.  Ten of these spores are properly classified while 
interrogating just 25% of the total spores. 
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1.1 Thesis Statement and Outline 
The objective of this thesis is to develop a novel method using optical technologies to 
detect and screen for viable bacterial spores.  Specifically an optical sensing method that 
rapidly and non-destructively screens Bacillus spores to determine their viability (i.e., 
capability of causing infection) was developed and validated.  The current methodology to 
determine bacterial viability requires a sampling of spores to be placed into growth media 
and monitored for 14 days to confirm a lack of germination.  This dissertation will detail 
an optical imaging technique that integrates two analysis methods, bright-field microscopic 
imaging and Raman microscopy, to more rapidly determine spore viability.  These 
techniques are first studied individually and then fused into a single smart-targeting system. 
1.2  Threats from Biological Agents 
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1.2 Threats from Biological Agents 
Methods of biological warfare (BW) have been documented since at least the 6th 
century B.C when militaries attempted to poison well water with toxic fungi and herbs [1, 
2].  Later, around 400 B.C., the first documented cases of projectile BW assaults occurred 
when archers contaminated their arrowheads with feces and decaying flesh [1].  In the 
Middle Ages, the projectile attack evolved to include having cadavers, dead animals, and 
fecal waste launched over city walls via catapult [2].  In the 1700’s, blankets from hospitals 
treating smallpox patients were given to Native American tribes with the intention of 
infecting the recipients [1-3]. 
These crude methods became more sophisticated leading up to World War I with the 
acceptance of germ theory and birth of modern microbiology.  These developments 
allowed for specific pathogens to be identified, isolated, and produced in quantities for 
weaponization.  During World War I, the German army reportedly used Bacillus anthracis 
and Burkholderia mallei to infect livestock destined for the United States and other Allied 
countries with the intention of spreading anthrax and glanders, respectively, however, these 
BW efforts had little strategic impact on the German war effort [1-3].  The much more 
widespread use of chemical weapons in World War I led to the international community to 
form an agreement against the use of weapons of mass destruction which included BW 
threats.  In 1925, the Geneva Protocol (officially the “Protocol for the Prohibition of the 
Use in War of Asphyxiating, Poisonous, or Other Gases and of Bacteriological Methods of 
Warfare”) was signed by 108 countries [1-3]. 
The Geneva Protocol, however, did not curtail research in BW.  The Protocol only 
prohibited BW use and not research or development.  Additionally, it had no method of 
1.2  Threats from Biological Agents 
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verification or compliance and several signatories began BW programs after ratification 
[1-3].  France, the Soviet Union, and Great Britain publicly stated that the agreement would 
not prevent them from retaliating in kind if attacked by chemical or biological weapons 
first [1]. 
During World War II, the notorious Japanese Unit 731 experimented on prisoners of 
war with Bacillus anthracis (anthrax), Clostridium botulinum (botulism), Clostridium 
perfringens (gas gangrene), Neissseria meningitides (meningitis), Vibrio cholera (cholera), 
Shingella spp (shigellosis), and Yersinia pestis (plague) which led to more than 10,000 
deaths [1, 2].  Germany also infected prisoners with pathogens during World War II 
including Rickettsia prowazekii (typhus), hepatitis A, and malaria, but did not have an 
offensive BW program [1, 2].  The British government researched anti-crop and anti-
animal biological agents.  As part of their research, Bacillus anthracis spores were released 
on Gruinard Island off the Scottish coast which resulted in the island being uninhabitable 
for 48 years until it was decontaminated in 1990 [1, 4, 5].  The success of the testing at 
Gruinard Island resulted in the British government making 5 million feed cakes for cattle 
contaminated with B. anthracis to retaliate against a potential German BW attack, however 
these were never used [1].   
The United States did not ratify the Geneva Protocol until 1975 and also built up a BW 
program through World War II which included the establishment of Camp Detrick (now 
known as Fort Detrick) in 1943 [1-3].  Camp Detrick had pilot plants that were used to 
produce B. anthracis, botulinum toxin, and B. globigii (non-pathogenic anthracis 
surrogate) [1].  Dispersal methods were also being developed which included the SPD MK 
I anthrax bomb.  The United States government placed an order for 1 million of these 
1.2  Threats from Biological Agents 
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bombs, but cancelled it at the conclusion of World War II [1].  Eventually, the United States 
military scientists weaponized seven biological agents: B. anthracis, botulinum toxin, 
Francisella tularensis (tularemia), Brucella suis (swine brucellosis), Staphylococcal 
enterotoxin B (toxic shock syndrome), and Venezuelan equine encephalitis virus [3].  The 
United States government had facilities capable of producing 650 tons per month to load 
into weaponry [6].   This program was abandoned in 1969 with an executive order signed 
by Richard Nixon [1, 6].  Three years later, the Convention on the Prohibition of the 
Development, Production and Stockpiling of Bacteriological (Biological) and Toxin 
Weapons and on their Destruction was created.  This treaty, commonly referred to as the 
Biological Warfare Convention (BWC), went further than the Geneva Protocol by 
prohibiting not just the use of biological weapons, but the “development, production, and 
stockpiling” of BW materials as well as dissemination systems [1].  Furthermore, the 
signatories were required to destroy agent stockpiles and weapons after ratification.  
However, like the Geneva Protocol before it, the BWC had no method for inspection or 
verification [1, 2]. 
Few of the early details of the Soviet BW program are known, however, ratifying the 
BWC did not stop their research.  In 1979, the town of Sverdlosk experienced an outbreak 
of respiratory anthrax that was eventually determined to have been an accidental release of 
over 100 g of B. anthracis spores from a military facility which resulted in 105 deaths.  The 
Soviet BW program eventually developed antibiotic resistant strains of Y. pestis, B. 
anthracis, and B. mallei, and F. tularensis that could be loaded into weaponry and ready to 
deploy in about a week [1].  Iraq began its BW program two years after signing the BWC 
in 1974.  Despite claims from the Iraqi government that they abandoned their program at 
1.2  Threats from Biological Agents 
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the end of the Persian Gulf War in 1991, they were believed to have had stockpiled 380,000 
liters of Botulinum toxin, 84,250 liters of B. anthracis spores, and 3,400 liters of C. 
perfringens spores as well as weapons delivery systems [6].   
In addition to these state sponsored BW programs, bioterror threats also exist from 
smaller non-state groups.  In 1981 a group called Dark Harvest delivered anthracis 
contaminated soil from Gruinard Island to the British BW research facility at Porton Down 
and the site of a Conservative Party political meeting to protest the island’s continued 
contamination [1].  In 1984, the Rajneeshee cult contaminated a salad bar in The Dalles, 
Oregon with Salmonella typhimurium causing 751 people to fall ill with gastroenteritis [1].  
During an investigation of Aum Shinrikyo, the group responsible the Sarin gas attack on 
the Tokyo subway system in 1995, it was discovered that the group had attempted at least 
eight times to infect the Tokyo population with B. anthracis spores and botulinum toxin 
between 1990 and 1995 [1, 7].  And in 2001, shortly after the attacks of September 11th, 
letters filled with B. anthracis spores were through the mail to politicians, journalists, and 
the media leading to the exposure of thousands of individuals and five deaths.  Additionally 
this incident, known as Amerithrax, closed 35 postal facilities, 26 buildings on Capitol Hill, 
and required $27 million from the Environmental Protection Agency for decontamination 
[1, 7, 8]. 
 
1.2.1 Inadvertent Anthrax Mailing 
The long history of biological warfare means that governments need to be prepared to 
protect their soldiers and general populations with items such as personal protective 
equipment, detectors, and medical treatments, as well as strategic planning such as 
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evacuation routes, triage, and decontamination.  As such, a significant amount of 
biodefense research is performed by federal agencies, private contractors, and academic 
institutions which requires the shipment of bacteria, spores, and toxins around the US and 
the globe to aid in testing and validation.  When testing new equipment and procedures it 
is desirable to use materials as close to the true threat as safely possible.  B. anthracis, 
which has been extensively studied as a BW threat, is rated as a bio-safety level 3 (BSL-
3).  This means that the bacteria can only be used at certified facilities with specialty trained 
personnel and engineering controls which adds cost and complexity to development and 
testing.  There are two main methods to overcome this burden.  The first is to use a 
surrogate material at a lower BSL [9].  The second is to take the virulent bacteria and 
inactivate it so it is longer capable of causing illness.  In the case of B. anthracis spores 
this is typically done using three main methods: wet heat, chemical treatment, or gamma-
irradiation [10-12]. 
Of these three inactivation methods, gamma irradiation has become the most widely 
used because the effects to the spore structure and physical properties are minimal 
compared to wet heat and chemical inactivation.  Additionally, gamma inactivated spores 
can be used to test detection assays using antibodies and polymerase chain reaction (PCR) 
without effecting the sensitivity compared to viable B. anthracis spores [12, 13].  
To ensure the safety of the receiving laboratories, these materials are confirmed to be 
inactive through a two week monitoring of a sampling of spores on media to ensure that 
no growth occurs.  Despite this procedure, it came to light in 2015 that the United States 
Department of Defense had been inadvertently shipping samples that were not fully 
inactivated.  In the aftermath of this discovery, an analysis was performed of the 
1.3  Bacillus Endospores 
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inactivation procedures which found inconsistencies in the procedures performed in 
different laboratories [14].  This resulted in the creation of a standard method to be used 
gamma irradiation of B. anthracis spores [12].   
The new method set a metric for efficacy by using the sterility assurance level (SAL).  
The SAL is a term used for medical devices and pharmaceuticals that have been sterilized 
with radiation.  The new method sets a target sterility assurance level (SAL) of 10-6 
meaning that there should be one or fewer viable spores for every million sampled [12, 15]. 
To confirm inactivation samples are still placed into growth media and monitored for 
lack of growth over 14 days, however, the effort presented in this thesis demonstrates a 
novel optical method to confirm spore deactivation which can serve as an orthogonal 
technique to this existing procedure. 
 
1.3 Bacillus Endospores 
As described in Section 1.2, the idea of using Bacillus anthracis as a bioweapon has 
been around since at least World War I with research being performed at some level by 
numerous state programs and terrorist organizations continuously since that time [1-3, 7, 
16, 17].  B. anthracis is an appealing bioweapon for a number of reasons.  First, the spores 
are naturally occurring and can be easily found in nature.  Once obtained, the process to 
replicate the spores in a laboratory environment is relatively easy [18].  Additionally, the 
spores themselves have a long shelf life with no special storage restrictions (i.e. 
refrigeration) and are resistant to heat, ultraviolet (UV) radiation, and chemicals [19].  The 
sporulated form is also easily disseminated as a spray, powder, or in contaminated food.  
Finally, the infection caused by the spore has serious (potentially fatal) health effects with 
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symptoms appearing from 1 day to 2 months after exposure [20].  The following sections 
detail the composition of Bacillus spores, the health effects from exposure, how spore 
viability is currently determined, and information about the spores used in this effort. 
 
1.3.1 Spore Composition 
The term “spore” refers to a lifecycle stage of certain bacteria that occurs when a 
vegetative cell enters a nutrient deficient environment.  There are different types of 
sporulation processes, but bacteria in the phylum Firmicutes (which includes B. anthracis) 
generate endospores.  It should be noted that other phyla generate different types of spores 
(e.g., Actinomycetes generate exospores and Cyanobacteria generate akinetes [21]), but in 
this paper the term spore refers specifically to bacterial endospores.   
In order to prevent starvation, a vegetative Bacillus cell undergoes a five stage process 
to create a spore as shown in Figure 1.1.  First, the cell undergoes an asymmetric division 
with a copy of the cell’s DNA in each partition.  The smaller section is called the prespore 
with the larger portion being called the mother cell.  Next, the mother cell engulfs the 
prespore.  The DNA from the mother cell is then broken down and the cortex made of 
peptidoglycan is created around the prespore which is now called a forespore.  
Subsequently the mother cell produces dipicolinic acid and removes moisture from the 
forespore.    Finally, the outer coat hardens and the mother cell dissolves to release the now 
dormant spore.  The spore can remain viable in this state for years [22, 23] and will 
germinate into a vegetative cell when habitable conditions are present [19, 21, 24]. 
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Figure 1.1. Sporulation process for B. anthracis 
 
The spores themselves are made up of concentric shells centered on the core as shown 
in Figure 1.2.  The core contains the spore’s genetic information and has a low water 
concentration.  It also has proteins known as small acid-soluble proteins (SASPs) and a 
high concentration of calcium dipicolinate (CaDP).  This combination of low moisture, 
SASPs, and CaDP are believed to provide the spore’s protection from heat and UV 
degradation.  Outside the core is the cortex. The cortex is made of peptidoglycan and is 




















Cortex and Coat 
Forespore 
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coat.  The coat is a multilayered shell made primarily of protein.  These proteins are 
crosslinked, which is believed to give the spore some of its resistance to chemical 
degradation.  The outermost layer of the B. anthracis spore is another protein layer known 
as the exosporium.  The exosporium layer is not consistent across the endospore forming 
species.  Some Bacillus species do not have an exosporium layer at all.  Although research 
has been done on the specific proteins that make up this layer, its exact function is 
unknown.  However it is not believed to offer any specific protection to the spore against 
heat, UV, or chemical degradation [19, 21, 24]. 
 
 
Figure 1.2. Schematic of B. anthracis endospore structure (not to scale). 
 
1.3.2 Bacillus anthracis Health Hazards 
When a B. anthracis spore enters a host body the spore reactivates to its vegetative 
state and multiplies in the body.  These cells release a toxin which can lead to illness or 
death, which is known as an anthrax infection.  There are three main methods of anthrax 
exposure: cutaneous, gastrointestinal, and inhalation.   
Cutaneous anthrax occurs when spores enter the body through breaks or scratches in 
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cases.  These infections typically occur in people working with animals who were infected 
while grazing and their products (wool, hides, or hair).  There is an incubation period of 1-
12 days which results in a lesion with a characteristic black center as shown in Figure 1.3. 
Additional fever and inflammation can occur.  The mortality rate for untreated infections 
is between 5 and 20%.  With proper treatment this rate decreases to <1%.  A new subset of 
cutaneous anthrax infections have been identified in recent years known as injection 
anthrax infections.  The form of infection has been reported in some intravenous drug users 
in Europe.  The symptoms of this form of infection are similar to traditional cutaneous 
infections, but the infection occurs deeper under the skin which causes the infection to 
spread more rapidly through the body. 
 
Figure 1.3. Example of cutaneous anthrax lesion (Image from Centers for Disease Control and 
Prevention Public Health Image Library [25]). 
 
Gastrointestinal anthrax occurs when meat contaminated with the spores has been 
ingested.  The symptoms from this exposure route cause flu like symptoms (fever, chills, 
headache, nausea, vomiting, and diarrhea), which makes it difficult to diagnose.  
Depending on where the spores first germinate, this infection will either be located in the 
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throat (oropharyngeal) or intestines, resulting in ulcers.  The mortality rate for 
gastrointestinal anthrax is estimated to be between 25 and 60%. 
Inhalation anthrax occurs when the spores are breathed in and deposited on the host’s 
alveoli.  The spores then migrate to the lymph nodes where they germinate and result in 
inflammation of the chest cavity.  After approximately 4 days the host will develop flu like 
symptoms similar to gastrointestinal anthrax along with a nonproductive cough.  This is 
followed by a drop in blood pressure and shortness of breath.  This form of infection used 
to be common among millworkers being exposed to contaminated animal hides.  Prior to 
1976 these naturally occurring inhalation exposures had a mortality rate of 94%, however, 
during the 2001 Amerithrax attacks the mortality rate was 46%.  This improvement has 
been attributed to earlier diagnosis and better treatment including the use of multi-drug 
antibiotic regimens.  Increased immunization of livestock and improved working 
conditions have drastically reduced the number of inhalation anthrax cases worldwide, 
however the case of a bioweapon dissemination of B. anthracis inhalation anthrax is 
expected to be the most common route of infection. 
 
1.3.3 Existing Methods to Determine Spore Viability 
Determining a spore’s viability is traditionally performed using one of few long-
standing methods.  The first, and most widely used method, is to culture the sample and 
wait to observe growth (or lack thereof) as shown in Figure 1.4, however this can take days 
to confirm lack of growth [14, 26].  Another set of methods uses PCR or quantitative PCR 
(qPCR) to amplify DNA fragments.  Although this method does not always discriminate 
the DNA from non-viable cells from the DNA from viable cells, sample preparation 
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methods have been demonstrated which can prevent the DNA from non-viable cells from 
being replicated [27, 28].  To perform PCR the DNA needs to first be extracted from the 
sample with the PCR process itself taking minutes to hours to complete [27, 29].  A third 
option involves the use of fluorescent stains or assays which can be used with flow 
cytometry [30] or optical microscopy [31-35].  In order to screen a large number of spores 
the ideal method would require minimal sample preparation and rapid acquisition of data.  
Using a method based on bright-field microscopy provides an approach that can be used to 
quickly measure a large number of spores.  Combining this method with an additional 
analytical technique such as Raman spectroscopy improves the confidence in the final 
determination of viability. Previously, Raman microscopy has demonstrated the ability to 
discriminate between bacterial species and strains using both normal Raman [36-38] and 
surface enhanced Raman spectroscopy (SERS) [39-41].  Additionally, Raman spectral 
differences have been documented between viable and non-viable Bacillus spores that were 
inactivated using wet-heat [42, 43], cold atmospheric plasma [44], and chemical (formalin) 
[40] methods.  In this effort we examine spores inactivated using gamma irradiation.  The 
combination of bright-field and Raman imaging techniques is well suited for spore 
screening because they are both are non-contact, non-destructive, and reagent-less. 
 
Figure 1.4. Example of spore growth monitored over time. 
Time 
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1.3.4 Spore Samples used for this Effort 
The work presented in this thesis used four different Bacillus species.  The majority of 
the work was performed on the same batch of Bacillus anthracis Sterne (34F2) spores 
which were obtained from the Naval Surface Warfare Center – Dahlgren Division 
Chemical Biological Radiological Defense Division.  Sterne is an attenuated strain of B. 
anthracis that is missing the plasmid that normally protects the bacteria from the body’s 
immune response [45].  This results in a spore that maintains much of the physical and 
chemical composition of a virulent B. anthracis strain (i.e. Ames) but is avirulent and has 
not resulted in a human anthrax infection [45].  Because of this, the Sterne strain is 
commonly used as a vaccine against [45] or surrogate for [9] the virulent strain.   
Stock suspensions of 1-2 × 1010 cfu/ml viable and gamma deactivated spores were 
prepared in 18.3 MΩ water. The gamma deactivation was achieved by exposing the spores 
to a 40 kGray gamma radiation dosage. The viability of unexposed and deactivation of 
gamma radiation exposed spore samples was confirmed using traditional growth methods. 
The viable spores were tested for and demonstrated growth within two days on sheep blood 
agar plates.  The gamma irradiated spore deactivation was confirmed by the absence of 
growth in tryptic soy broth over a 2 week incubation period. 
 The viable and gamma deactivated spores were cleaned by centrifuging the 
suspension at 10000 rpm for 5 minutes and discarding the supernatant liquid. The 
suspension was remade by adding the same volume aliquot of nanopure water that was 
removed as supernatant liquid. This process was repeated 3 times.   
Section 3.6 includes data collected from B. thuringiensis kurstaki (American Type 
Culture Collection [ATCC] 33679), B. megaterium (ATCC 9885), and B. atrophaeus 
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(ATCC 9372). This section also includes measurements using a different preparation of B. 
anthracis Sterne from the one described above.  For all four of these samples, a base Difco 
sporulation medium (DSM) consisting of the following composition was used: 8 g/L 
nutrient broth (NB, Difco), 2.15 g/L KH2PO4 (Sigma Aldrich), and 4.39 g/L K2HPO4 
(Sigma Aldrich), which was sterilized at 121oC for 30 min in an autoclave (Tomy ES-315). 
The sterilized base DSM was further supplemented with 40 mL of a 0.2 μm filtered pre-
sterilized (Corning) sporulation salt stock solution (CCY).  The CCY stock consisted of: 
7.35 g/L CaCl2ˑ2H2O, 0.99 g/L MnCl2ˑ4H2O, 10.17 g/L MgCl2ˑ6H2O, 0.0081 g/L FeCl3, 
and 0.34 g/L ZnCl2. All CCY stock components were purchased from Sigma Aldrich 
except ZnCl2, which was from Fisher scientific. 
A glycerol-frozen stock of each strain was streaked onto a NB agar plate and incubated 
at 37 oC overnight (VWR 3025 B). A single colony of each strain was inoculated into 1 L 
of DSM medium in a 4 L flask and incubated at 34 oC and 200 rpm. When the percentage 
of spores reached greater than 95% under a phase-contrast microscope (Olympus BX51) 
after 2 to 3 days, the spore suspension was centrifuged (Beckman Avanti J-25I) at 10000 
rpm for 10 minutes and triple washed with pre-sterilized deionized water and concentrated 
to approximately 100 mL each. 
The spores for Section 3.6 were deactivated using two different methods.  The first 
was a heat deactivation in which a 0.5 mL aliquot of each washed and concentrated strain 
was placed in a 2 mL screw cap glass vial and sterilized in an autoclave (Tomy ES-315) at 
121 oC for 30 min.  The second was with a 50 kGray dose of gamma irradiation (as opposed 
to the 40 kGray dosage used for the previous samples) using a Cobalt-60 Irradiator (Model 
484R, JL Shepherd & Associates).  After both of these deactivation methods, 0.1 mL of 
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each inactivated strain was inoculated into 250 mL of DSM in a 1L flask and incubated at 
30 oC and 225 rpm for 2 weeks. No re-germination/growth was evident in each of the heat 
and gamma radiation deactivated spores. 
For all the samples analyzed in this thesis, inactivated spore suspensions were diluted 
to a concentration of 1-2 × 109 cfu/ml while suspensions of the viable spores ranged from 
1-2 × 109 cfu/ml to 1-2 × 107 cfu/ml.  These suspensions were then deposited onto an 
aluminum coated microscope slide (EMF, AL136). The water was allowed to dry resulting 
in a residue of Bacillus anthracis Sterne spores for imaging and Raman analyses. 
 
1.4 Optical Microscopy 
1.4.1 Principles of Microscopy 
Microscopy is a common method used to view small items.  Optical microscopy uses 
light to image the items.  When light passes through a small aperture (such as a microscope 
objective) the resulting output is a diffraction pattern known as an airy disk which has its 
highest intensity in the center surrounded by concentric rings of constructive and 
destructive interference.  The lateral resolution is the smallest distance that can be 
distinguished as unique in an optical system.  The theoretical resolution limit, δ, is defined 
as the distance from the peak to the first minimum of the airy disk, which depends on the 
wavelength of light, λ, and the numerical aperture (NA) of the collection optics.  This first 
minimum in the airy disk corresponds to the first zero of the first order Bessel function 
which occurs at 1.22.  The NA is defined using the following equation: 
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where n is the index of refraction of the transmission medium which is equal to 1 (air) for 
this effort, θ is the half angle of the cone of light that can be collected by the objective lens, 
f  is the focal length of the lens and D is the diameter of the entrance pupil.  This leads to 
the resolution limit (also known as the Rayleigh criterion) being defined using the 
following equation [46]: 







 All microscope images for this effort were collected with a Witec (Ulm, Germany) 
Alpha 300R using a Zeiss EC Epiplan-Neofluar DIC 100x objective with a NA of 0.9.   
Using the center wavelength of white light at 550 nm leads to a lateral resolution limit of 
0.37 μm for this system.     
The depth of field (dtot, also referred to as depth of focus) is the thickness of the focal 








The magnification, M, and NA are determined by the microscope objective and e is equal 
to the smallest distance capable of being resolved by the detector which was 6 μm for the 
Imaging Source (Charlotte, NC) 752×480 CMOS camera installed in the microscope 
system.   This leads to a depth of field equal to 0.75 μm for this configuration. 
 
1.4.2 Contrast Generation in Optical Microscopy 
Contrast is required in order to adequately visualize the features of a sample.  Many 
microscopy samples tend to be transparent with features only slightly different from their 
surroundings.  To overcome these limitations a number of different illumination techniques 
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are used.  A summary of four of the most common methods, bright-field illumination, dark-
field illumination, phase contrast, and fluorescence are described below. 
 
Bright-Field Illumination 
The most common type of microscope illumination which generates contrast due to 
changes in sample absorption, the index of refraction, or color.  Schematics showing the 
ray path through in a bright-field microscopy system are shown in Figure 1.5.  The 
illumination source either passes through (transmission) or reflects off of (epi-illumination) 
a sample.  The light is collected and focused onto the sample in the specimen plane and 
collected by the objective where it can either be imaged using a camera or viewed by eye.  
When no sample is present, the illumination light is still collected by the objective causing 
the image to appear bright, leading to its name.   
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Because of the bright background using this type of microscopy, it can be difficult to 
view transparent and colorless samples.  In these cases, sample staining is often used to 
increase contrast.  The spores in this effort were imaged exclusively using bright-field 
imaging in an epi-illumination configuration to generate pictures like the one shown in 
Figure 1.6.  The scatter from the spore edge provided enough contrast that no staining was 
necessary for these samples [46]. 
 
Figure 1.6. Example of bright-field microscopy image of B. anthracis Sterne spores at 100× magnification. 
 
Dark-Field Illumination 
In dark-field imaging, the illumination light is prevented from being imaged onto the 
detector when no sample is present.  This is typically done by inserting an annular ring at 
the illumination source which blocks the light from being imaged as shown in Figure 1.7.  
When a sample is placed into the specimen plane, scattering (shown in orange) causes some 
of the light rays to be collected by the objective and get imaged onto the detector.  This 
results in bright highlights in the image at regions of discontinuity within the sample [46]. 
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Figure 1.7. Ray path of a dark-field microscopy system. 
 
 
Phase Contrast Microscopy 
Phase contrast microscopy is used for imaging transparent samples by measuring the 
changes in refractive index or thickness of a sample. This is done by placing a structured 
aperture, typically an annular ring, at the illumination source as shown in Figure 1.8.  A 
matching phase plate which has a difference in thickness to match the aperture is placed 
after the specimen plane.  This plate causes a phase shift to occur between un-scattered 
light directly from the illumination source and the light that has been scattered from the 
sample.  When the light is brought to the image plane, the difference in phase between 
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Figure 1.8. Ray path of phase contrast microscopy system. 
 
Fluorescence 
Fluorescence is a phenomenon where light is absorbed by a compound (known as a 
fluorophore) and then re-emitted at a longer wavelength.  In fluorescence, the fluorophore 
absorbs an incident photon which excites an electron to an elevated energy state.  As the 
electron relaxes back to its ground state photons are emitted which correspond to the 
radiative energy levels in the material. 
Some samples naturally fluoresce (known as autofluorescence).  For the samples that 
do not autofluoresce, fluorescent dyes (also known as fluorochromes) can be added.  These 
dyes can be selected and tailored to target specific antibodies or biomarkers to increase the 
contrast of those features [46, 47]. 
Fluorescence microscopy can use a variety of different optical configurations to collect 
the light and improve contrast.  Figure 1.9 shows a schematic of an epi-illuminated 
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and a bright-field configuration is the addition of excitation and emission filters which can 
be changed to excite and measure the response of fluorophores with different absorption 
and emission characteristics.  The overall resolution is determined by the diffraction limit 
of the fluorescence emission wavelength [48]. 
 
Figure 1.9. Ray path of epi-illuminated fluorescence microscopy system. 
 
1.4.3 Non-Optical Microscopy Methods 
There are two common non-optical microscopy methods that are commonly used to 
get higher resolution images of samples.  Because these methods, scanning electron 
microscopy (SEM) and atomic force microscopy (AFM), are not optical they are able to 
resolve features below the diffraction limit of light [49, 50]. 
In SEM an electron source generates electrons which are then accelerated on the order 
of 0.1-30 keV.  These electrons can be focused to a spot size of approximately 1-10 nm 
which determines the instrument resolution.  This beam is raster scanned over a specimen 
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 In AFM a micro-machined cantilever probe is moved over a surface.  A laser 
illuminates at the end of the probe where the light is reflected into a detector.  The probe 
has a sharp tip that is scanned across the sample surface.  Variations in the surface causes 
the cantilever to deflect which causes the laser position to change on the photodetector.  
These changes can be used to construct an atomic scale image of the surface [50]. 
 
1.4.4 Microscopy of Bacterial Spores 
The majority of published work on the microscopic imaging of Bacillus spores used 
phase contrast and fluorescence microscopy.  These techniques have been used to monitor 
Bacillus spores they undergo germination [51-58], sporulation [52], and inactivation [43, 
44].  Bacillus germination has also been monitored using bright-field imaging [56] and 
differential interference contrast microscopy [58, 59]. 
Since Bacillus spores are similar in size to the diffraction limit of light, non-optical 
forms of microscopy have been used to gain further insight into their structure and 
biological processes [60].  Electron microscopy has been used to determine the structure 
of Bacillus cells [60, 61] and monitor the sporulation process [62].  AFM has been used to 
measure the surface morphology of B. subtilis [63] and monitor the chemical inactivation 
of B. cereus [64]. 
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1.5 Raman Microscopy 
1.5.1 Principles of Raman Spectroscopy 
Raman spectroscopy is an inelastic scattering technique that can be used to identify 
the chemical bonds present in a sample.  In elastic (Rayleigh) scattering, as shown on the 
left in Figure 1.10, an incident photon of energy hνo impinges onto a sample which is 
excited to a virtual energy level before decaying back to the initial ground state and 
emitting a photon of the same energy.  In the case of the Stokes Raman scatter, the excited 
electron instead decays back to an energy level Vj above the ground state which causes the 
emission of a photon of lower energy h(νo-νj) [65].  If the excitation photon energy is close 
to an electronic energy band then the Raman return can experience resonance enhancement 
resulting in signal strength increased by 1000 times or more [66].  An alternative form of 
Raman scattering is called anti-Stokes.  In this case the electron begins at the excited energy 
level Vj when the incident photon excites it to the virtual energy level, however in this case, 
the electron relaxes back to the original ground state resulting in the emission of a blue-
shifted photon of energy h(νo+νj).  For the remainder of this work, Raman spectra refers 
solely to Stokes scattered light.  Infrared absorption spectroscopy is another form of 
vibrational spectroscopy, however the spectra generated using this technique are indicative 
of direct absorption of infrared photons.   
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Figure 1.10. Energy diagram showing Rayleigh scatting, Stokes and anti-
Stokes Raman scattering, and infrared absorption. 
 
Because these energy levels correspond to chemical bonds within the molecule it is 
possible to disperse the Raman scattered light onto a spectrometer to get a spectrum that is 
unique for the measured chemical.  The difference between the scattered wavelength, 
𝜆𝑗 , and the excitation wavelength, 𝜆0, is reported as the Raman shift, 𝜈, (typically with the 
unit of cm-1) using the following equation: 







The Raman shift corresponds directly to the change in energy through the equation: 
 Δ𝐸 = ℎ𝑐𝜈 (1.4) 
where ℎ is Planck’s constant and 𝑐 is the speed of light [65]. 
The region from 500-1800 cm-1 is typically referred to as the fingerprint region of the 
spectrum.  This is because organic molecules tend to have spectral features present in this 
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region that can be used for discrimination.  Another important region of a Raman spectrum 
is the C-H stretch region which occurs close to 3000 cm-1 and is associated with carbon-
hydrogen bonds.  Due to the prevalence of C-H bonds in organic compounds and their large 
scattering probabilities, these peaks typically have higher intensities than peaks in the 
fingerprint region.  However, they does not have a high specificity meaning that they are 
not typically useful for chemical identification.  Attributing Raman peaks to specific 
chemical bonds can be challenging due to the complex nature of biological materials [67], 
however Table 1.1 lists band assignments for components present in general biological 
specimens [67, 68] combined with band assignments from Bacillus spores specifically [43]. 
 
Table 1.1. Raman band assignments for biological samples 
Frequency (cm-1) Assignment Ref  Frequency (cm-1) Assignment Ref 
2975 CH3 stretch [68]  1099 DNA, O-P-O [43] 
2935 CH3 and CH2 stretch [68]  1085 C-O stretch [68] 
2870-2890 CH2 stretch [68] 
 
1061 
C-N and C-C 
stretch 
[68] 
1668 Amide I (nonregular) [43]  1018 CaDP [43] 
1655 Amide I (α-helical) [43]  1004 Phenylalanine [43, 67, 68] 






823 CaDP [43] 











720-723 adenine [43, 67, 68] 
1440-1460 C-H2 deformation [68]  650-665 Guanine [67, 68] 
1402 CaDP [43]  664 CaDP [43] 
1295 CH2 deformation [68]  641 Tyrosine (skeletal) [67, 68] 






1129 C-N and C-C stretch [68]     
 
 
Raman scattering is a weak process with only 1 in 107 photons being Raman active, 
however the technique does have advantages that make it useful for studying materials.  
First, the vibrational spectrum generated has high selectivity and allows for spectral 
matching.  There is minimal sample preparation required meaning that there are no 
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additional stains or dyes required for analysis.  When analyzing samples on a substrate, the 
measured Raman return is not altered due to surface texture or reflectivity like infrared 
spectra are.  Additionally, the technique has minimal interference from water [65]. 
In general terms, to collect Raman spectra a monochromatic source (e.g., a laser) is 
impinged onto the sample.  Optics are then used to collect the scattered light.  Since the 
Raman signal is significantly smaller than the Rayleigh scatter, an optical filter is then used 
to remove the elastically scattered light.  The remaining light is separated, most commonly 
with a dispersive spectrometer, and recorded onto a camera or sensor. 
 
1.5.2 Raman Chemical Imaging 
Raman chemical imaging is a technique combining the Raman spectral information 
from a sample with spatial information to generate a 3-dimensional set of data containing 
spatial information in the x- and y-axes and spectral information along the z-axis.  Figure 
1.11 shows a schematic of a representative Raman hyperspectral cube (RHSC).  In this 
figure, each square represents a Raman pixel (with the bright-field image shown for 
reference).  The stack of pixels shown in red stores the spectrum shown below.  Each x- 
and y-position has its own corresponding Raman spectrum which makes Raman imaging 
a good technique for studying the chemical composition of inhomogeneous samples. 
1.5  Raman Microscopy 
 28  
 
 
Figure 1.11. Schematic showing an example Raman hyperspectral cube (bright-field 
image shown on top for reference) 
A variety of techniques can be used in order to collect this 3-dimensional data onto 1- 
or 2-dimensional sensors.  Four of the most common methods are tunable filters, push 
broom scanning, mapped fiber bundles, and raster scanning [69-71]. 
To collect a hypercube using a tunable filter such as a liquid crystal tunable filter 
(LCTF) or multi-conjugate filter (MCF), the entire FOV is illuminated with the excitation 
source.  The tunable filter is placed over a 2-dimensional camera with one frame being 
collected at each wavelength over the filter tuning range.  These camera frames are then 
combined to generate the RHSC.  This method can have higher spatial resolution, but is 
limited by the long integration times required to overcome the low throughput for the 
optical filters and time required to change collection wavelengths [71]. 
In push broom scanning, a linear region is illuminated with a laser.  The scattering 
from this region is then sent to a 2-dimensional imaging spectrometer.  The imaging 
spectrometer maintains the spatial dimension along the y-axis, but disperses the light along 
the x-axis, generating a spectrum for each point across the illuminated line.  The linear 
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region is then shifted a known distance and the process is repeated.  At the completion of 
all the scans, these spectra can be manipulated to create the RHSC of the entire scan area.  
The push broom method can result in different spatial resolutions along the x- and y-axes 
and can be slow depending on the scan rate used for the push broom [69]. 
Using a mapped fiber bundle is somewhat similar to the push broom method, except 
instead of freespace coupling a linear region into the spectrometer a linear fiber optic array 
is used at the spectrometer entrance.  The other end of the fiber optic bundle is typically 
laid out in a grid pattern with individual fibers being mapped back to their location at the 
spectrometer end.  Just as in the push broom method, the y-position is maintained in the 
spectrometer while the light is dispersed along the x-axis, however in this case because the 
y-position at the spectrometer is mapped to a known x- and y-position at the collection end, 
the full 3-dimensional RHSC can be reassembled after a single measurement.  The 
advantage of this technique is that the full set of spatial and spectral information is 
generated in a single scan, however this comes at the expense of significantly reduced 
spatial resolution [70, 71]. 
Raster scanning involves taking a series of point measurements while moving a known 
distance in the x- and y-direction with a single spectrum being collected at each location.  
At the completion of the scan, all the spectra are combined to generate the RHSC.  In 
general, the spatial resolution is limited by the step size of the stage or steering optics, 
however in the case of nano-precision microscopy stages the spatial resolution then 
becomes defined by the diffraction limit of the excitation beam.  The time to collect an 
entire image is set by the image size, step size between each measurements, and scanning 
speed.  Large scans with high spatial resolution can require long acquisition times [71]. 
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1.5.3 Confocal Raman Microscopy 
All Raman spectra in this paper were taken using a Witec Alpha 300R confocal Raman 
microscopy system using 532 nm laser excitation. The generated RHSC were all collected 
using a raster scan method.  In confocal Raman microscopy, a pinhole is added in front of 
the detector which blocks all light from outside the center of the focal plane of the laser as 
shown in Figure 1.12.  As shown in the schematic, rays from the focal plane (shown in 
green) pass through the pinhole and are collected by the detector while photons that are 
above (blue) or below (red) the focal plane are blocked [72].  
 
 
Figure 1.12. Schematic of a confocal collection system.  Rays from the focal plane (green) are allowed to 
pass through the collection pinhole, however out of plane rays (blue and red) are blocked. 
 
This technique improves both the axial and lateral resolution of the system and allows 
for depth profiling of a sample.  This is done by reducing the point spread function (PSF) 
of the microscope system use a pinhole to block the off-axis light from entering the 
detector.  In Section 1.4.1 it was explained that the resolution for a traditional microscope 
Focal Plane 
Out of Focus Plane 
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(Equation 1.2) was related to the first minimum in an Airy disk.  In confocal microscopy, 
the addition of the pinhole results in the creation of an additional Airy disk PSF.  Since the 
Airy disk collected by the objective is projected onto pinhole, the overall PSF for the 
system is the product of the two PSFs [73].  This means that the best resolution achievable 
with confocal microscopy (to achieve the same separation defined by the Rayleigh 
criterion) results in an improvement by a factor up to √2 defined by [72, 73]: 








1.5.4 Raman Spectroscopy of Bacterial Spores 
Most of the Raman analysis of Bacillus spores has been performed on the avirulent B. 
anthracis surrogates B. cereus, B. subtilis, B. atrophaeus, and/or B. megaterium although 
some measurements have been presented for the virulent B. anthracis Ames strain using 
normal Raman [36] and SERS [40, 74]. 
Earlier work collected Raman spectra from bulk samples measuring many spores at a 
time and collecting an average return signal.  Woodruff, et al. published the first Raman 
spectra of a Bacillus spore in 1974 where spectra were collected from B. megaterium spores 
that had been collected onto a filter and measured on a rotating disc [75].  Improvements 
in Raman microscopy allowed for measurements to later be collected from individual 
spores [76, 77].  SERS and Tip-Enhanced Raman (TERS) have been used to improve the 
return signal strength from bacterial spores using gold [39, 78] and silver [40, 41] 
nanoparticles.  Raman chemical imaging has been demonstrated to discriminate spores in 
a complex FOV containing multiple spores and/or background material [36-38].  
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 Optical trapping is a technique where dielectric particles are captured at the focal 
point of a tightly focused laser.  This occurs when the laser’s scattering force balances the 
gradient force which causes the particle to be held in place.  Optical trapping has been 
combined with Raman spectroscopy to trap and interrogate spores [42-44, 54, 55, 79, 80].  
Since these measurements are taken in aqueous solutions, Raman optical trapping 
measurements can be used to monitor the changes in a spore over time.  Spores have been 







Bright-field imaging offers an attractive option for spore analysis because sample 
spores can be easily deposited onto microscope slides in large numbers (~millions) and the 
collection of images can be done quickly.  This combination allows for rapid analysis of 
spores. Figure 2.1 shows an example bright-field image containing an entire 4 μL droplet 
on an aluminum microscope slide covering 3.7 x 3.7 mm.  The image is stitched together 
from 196 separate images taken using a 20× objective to create a 14x14 montage image.  
Image collection took approximately 100 s.  A comparable image covering the same region 
at 100× magnification could be completed in approximately 40 min. 
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Figure 2.1. Stitched bright-field image covering entire 4 μL sample droplet. 
 
Segmentation is an image analysis process where a group of pixels are combined to 
form regions based on a predefined criteria.  For our application, we wish to rapidly and 
automatically obtain cytometric measurements that, in part, include shape and size 
parameters of spores from bright field images.  This requires a robust and accurate 
segmentation method to locate and demarcate the individual spores.  Specific software 
approaches to aid in the task of segmenting biological samples have been previously 
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explored [81, 82].  A variety of segmentation techniques have been applied on large cellular 
materials including white blood cells, which are in 12 to 17 µm size range [83-85], 
hematopoietic stem cells (~20-30 µm) [86], cancer cells [87], bone marrow, blood, and 
cervical nuclei (~6 µm) [88, 89], living Spodoptera frugiperda cells (~9-12 µm) [90], and 
fungal and bacterial spores (~2-60 µm depending on species) [91-97]. These applications 
typically rely on a relatively small set of segmentation techniques: thresholding, 
edge/feature detection, morphological filtering, region growing, and deformable model 
fitting [98, 99].  More advanced segmentation techniques such as neural networks require 
large amounts of training data to improve upon the accuracy [83] which can be achieved 
with traditional techniques. 
In this effort, a combination of these traditional segmentation techniques were used to 
quickly and autonomously segment bright-field images of Bacillus anthracis Sterne spores.  
These spores are an attenuated strain of the bacterium that causes anthrax which is 
commonly used as a surrogate material for testing the performance of protection and 
detection equipment against the virulent corollary. Bacillus anthracis Sterne spores are 
small (~1 µm in diameter) compared to the cells described in the previous paragraph, which 
can make it difficult to detect using bright-field imaging since it is close to the diffraction 
limit of optical microscopy.  Using the microscope described later with a 100× objective, 
the image of a single spore is typically 11-16 pixels in length.  Additionally, the spore 
deposition on a substrate is random, and the spores may be distributed individually or in 
clusters of varying sizes, which further complicates the segmentation process.  The 
segmentation procedure developed in this thesis and results are detailed below. 
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2.1.1 Bright-Field Imaging Instrumentation 
All bright-field images were collected using a Witec (Ulm, Germany) Alpha 300R 
confocal microscope system shown in Figure 2.2 using a Zeiss EC Epiplan-Neofluar DIC 
100x objective with a NA of 0.9.  The images were captured using an Imaging Source 
(Charlotte, NC) 752×480 CMOS camera installed in the microscope system.    
 
 
Figure 2.2. Witec Alpha 300R microscope 
 
2.2 Watershed Segmentation 
2.2.1 Algorithm Procedure 
To rapidly and autonomously analyze large amounts of bright-field images, this work 
employed an algorithm based on the traditional watershed technique [100] along with 
optimized pre-processing sequence for this application.  For this work, All calculations 
were performed using Matlab 2017b (MathWorks, Natick, MA) with the Image Processing 
toolbox.  A flow chart of the processing steps are shown in Figure 2.3. 
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Figure 2.3. Flow chart showing image segmentation steps 
 
The details of these steps are demonstrated on a bright-field image shown in Figure 
2.4a.  Prior to the application of the watershed algorithm, a four step pre-processing routine 
was performed.  First, a spatial averaging filter was used to reduce noise (Figure 2.4b).  
The filter size could be changed, but for this work it was set to 3×3 pixels.  Secondly, since 
the spore boundaries have a lower intensity value than the background and the watershed 
transform works by finding the high intensity gradients, the grayscale image was inverted 
(Figure 2.4c) to properly identify the spore edges.  Thirdly, the image was then 
morphologically opened using a disk shaped structuring element (typically with an 8 pixel 
radius) to create a background image (Figure 2.4d).  This background image was then 
subtracted from the inverted image to flat-field the image and account for non-uniform 
illumination (Figure 2.4e).  Finally, an intensity threshold was applied to the image to 
remove any remaining background pixels which could result in over-segmentation of the 
image (Figure 2.4f).  This threshold was selected to a value above the residual from known 
background regions. For all the work presented in this chapter, the threshold was set to 20 
which resulted in all pixels with an intensity value less than 20 being set to zero.  After 
these pre-processing steps were completed, the watershed transform was applied to 
segment the image (Figure 2.4g).  The size of each segmented region was then calculated.  
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Regions that were too small or too large in comparison to a typical spore were removed 
from the final results. For these bright-field images, the desired region size range was 
typically greater than 60 pixels and less than 280 pixels which produces the final segmented 
image shown in Figure 2.4h.  Using a Dell laptop computer with a dual core Intel i7 
processor operating at 3.00 GHz with 8 GB of RAM and running 64-bit Windows 10, the 
entire analysis was completed in near-realtime, taking approximately 100 ms. 
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Figure 2.4. Images showing the how the original bright-field image (a) was analyzed to produce the final 
segmented output image (h).  The bright-field image was first spatially averaged (b) and then inverted (c).  
A morphological image opening was performed on this inverted image to produce (d) which provided an 
estimate for the background illumination.  Image (d) was then subtracted from image (c) to get the 
background corrected image (e).  The image was then thresholded to remove any remaining background 
artifacts that could lead to over-segmentation.  The light pixels in image (f) were set to zero prior to 
watershed segmentation (g). A size filter is then applied to the segmented image to remove regions that are 
too large (such as the background) or too small to represent a spore (h). 
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2.2.2 Segmentation Performance 
To determine the effectiveness and robustness of the segmentation method, a scoring 
criteria was developed to quantify the algorithm performance as a test image was altered 
to provide different challenges to the process.  The original test image was visually 
examined by multiple analysts to determine the number of spore-like objects present.  Each 
segmented region was then compared to these results with each region receiving a score 
using the following criteria: 
 
 True Positive for a single spore (TP) – Correct detection of a single spore-like 
object in a region 
 True Positive for a spore cluster (TP*) – Correct detection of multiple spores-
like object in a single region (expressed as the total number of true spores 
identified in that region)  
 False Positive (FP) – Identified region does not correspond to a analyst counted 
spore-like object 
 False Negative (FN) – Spore-like object identified in analyst count not 
segmented by algorithm 
 
The test image, shown in Figure 2.4a, had 112 analyst counted spore-like objects.  
Segmenting the image (Figure 2.4h) resulted in 98 TP and 10 TP* which corresponds to 
108 of the 112 total spore-like objects.  The remaining 4 spore-like objects were scored as 
FN and the algorithm had an additional 13 FP.  To challenge the algorithm, the test image 
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was varied using three different methods to determine the algorithm’s robustness against 
each type of variation.  Two of the methods altered the image’s contrast-to-noise ratio 
(CNR) and the third scaled down the image resolution. 
The CNR was determined with the histogram of the image which produced a bimodal 
response with a local maximum centered on the intensity of the spore edges and an absolute 
maximum centered on the intensity of the background as shown in Figure 2.5.  The contrast 
value was defined as the difference between these two maxima and the noise was defined 
as the full width at half maximum value around the intensity of the background region.  
Using this criteria, the CNR of the original image is 6.7. 
 
 
Figure 2.5. Grayscale histogram of test image showing bimodal distribution used for CNR calculation. 
 
Two techniques were used to lower the CNR; the first lowered the contrast and the 
second increased the noise.  In the first technique, which simulates samples with less than 
ideal illumination, an inflection intensity value between the background and spore edge 
Contrast 
Noise (FWHM) 
CNR = 6.7 
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values, I, was identified.  The image intensity values, x, were mapped to new values x^' 
using equation 1. 
 
 𝑥′ = {
𝑥 + 𝑀      for 𝑥 < 𝐼 − 𝑀
                     𝐼             for 𝐼 − 𝑀 ≤ 𝑥 ≤ 𝐼 + 𝑀
𝑥 − 𝑀       for 𝑥 > 𝐼 + 𝑀
  (1) 
 
A constant, M, was added to values below the inflection intensity and subtracted from 
values above the inflection intensity.  By changing the value of M from 0 to 35 in 
increments of 5, the CNR was varied from the starting value of 6.7 down to 0.8.  Figure 
2.6a shows an example image created with this technique on the left.  For this image, M 
was set to 35 which created an image with a CNR of 0.8.  The segmentation results are 
shown in Figure 2.6b which correctly identified 90 single spore-like objects (TP) and 8 
spore-like objects that were grouped into regions of multiple spores (TP*).  This means 
that 14 spore-like objects were missed (FN) and added to that, there were 17 FPs.  Figure 
2.6c shows the performance over different CNR values with a minimal change of 2 overall 
positive detections (TP+TP*) for and 4 additional false results (FP+FN) for CNR values of 
less than 3. 
The second method to vary the CNR value was to increase the image noise.  To do 
this, a uniformly distributed set of random intensity values within the range of ± 50 was 
added to each pixel in the image.  This method was also used to vary the image CNR from 
6.7 down to 0.8 with results shown in the second row of Figure 2.6.  An example image 
with random intensity value of ± 20 added to the image and a CNR of 2.0 is shown Figure 
2.6d with segmented regions shown in Figure 2.6e.  The plot in Figure 2.6f shows 
consistent performance of TP and TP* for all values of CNR, with a reduction of just 6 
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overall spore-like objects.  The FP and FN values are consistent to a CNR down to about 
2.5 increasing from 15 to 25 over this range before the noise leads to a large increase in 
over-segmentation.  This over-segmentation continues to increase before spiking at a CNR 
of 1.2 at which point the region size filter begins removing the small over-segmented 
regions.  Another factor to consider is the spatial averaging filter size. All of the analysis 
described in this work was performed with a 3×3 spatial averaging filter. A trade-off 
analysis was also performed by increasing the spatial averaging filter to 5×5. Increasing 
the size of the spatial averaging filter to 5x5 had similar total true positive (TP and TP*) 
detection results and was able to reduce the amount of over-segmentation in the case of 
higher noise level images. However, the 5×5 spatial averaging filter size reduced single 
spore detections (lower TP and higher TP*) for the low noise images. 
The remaining challenge for the algorithm was to determine the effect that image 
resolution had on performance.  The image was scaled down to 10% of the original 
303x403 pixel size in 10% steps.  To maintain the original aspect ratio, the ‘imresize’ 
function of Matlab was used with the default interpolation. The preprocessing steps 
involving size, specifically, the spatial averaging filter, the morphological structuring disk, 
and region size filtering, described in Section 3, were all scaled accordingly.  The spatial 
filter was rounded using a floor function and the structuring element was rounded to the 
nearest integer.  Figure 2.6g shows an example with the reduction to 30% of the original 
(91x121 pixels) with the segmented regions shown in Figure 2.6h.  The plot in Figure 2.6i 
shows consistent results to approximately 50% size reduction in terms of TP (down 2 from 
original), TP* (no change from original), and FP+FN (up 3 from original).  Starting around 
40% size reduction, there is a drop in TP although the overall detections (TP+TP*) remain 
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consistent.  This is because the algorithm starts to output more regions that encompass 
multiple spore-like objects at the expense of single spore region.  At 10% the resolution 
has degraded to a point where only 12 spore-like objects were identified and 100 were 
missed by the algorithm. 
 
 
Figure 2.6. Segmentation results with varying parameters.  An example image for each of the three 
techniques used to challenge the algorithm in the left column and the segmentation results in the center. A 
summary plot showing how changing each factor effects the results is shown in the right.  The dashed line 
with open circles represents the true single spore detections (true positive).  The solid line with closed circles 
adds the true multi-spore detections to the true positive values (true positive*).  The solid line with X 
markers is a combination of the false negative and false positive results.  The vertical dashed line shows 
which data point is shown in the left two columns. 
  
a b c 
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The algorithm was applied to additional test images shown in Figure 2.7.  These three 
images were collected from the same slide preparation that was used for Figure 2.7a, but 
represent examples showing a range of spore density and sparseness.   Figure 2.7a is a 
164x202 pixel image with analysts counting 52 spore-like objects, Figure 2.7b is a 234x326 
pixel image with analysts counting 185 spore-like objects, and Figure 2.7c is a 248x310 
pixel image with analysts counting 109 spore-like objects.  Table 2.1 lists the algorithm 
results for these three images as well as the results from Figure 2.4a.  Overall, of the 458 
total spores in all the four images, 418 (91.2%) single spore-like objects were identified in 
single segmented regions (TP).  An additional 28 spore-like objects were correctly 
identified in regions containing multiple spores (TP*).  This leads to an overall 
segmentation of 97.4% of all the spore-like objects in the image.  The method missed 12 
spore-like objects leading to a FN rate of 2.6% and an over-segmentation of 49 regions 
(10.7%).  Examining the images individually, Figure 2.7a and Figure 2.7c have less spore 
clustering than those in Figure 2.4a and Figure 2.7b, resulting in better segmentation.  In 
Figure 2.7a, the smallest of all the test images,  all  52  spore-like objects  were  identified  
with  only  1  False  Positive.   Similarly in Figure 2.7c, 107 of the 109 spore-like objects 
were correctly identified (98.1%) with 6 False Positives.  In Figure 2.7b, the most densely 
clustered test image, the algorithm correctly located 179 of 185 spore-like objects (96.7%) 
with 29 False Positives.  It was noticed that in these higher density images that most over-
segmentation occurred in the interstitial space between the spores which lead to the 
elevated FP rates. However, over all test images the positive detection rates remained high 
(>96%) regardless of spore density. 
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Figure 2.7. Segmentation results for additional bright-field images. 
 
Table 2.1. Comparison of the manual spore count to algorithm results 
 Fig. 2.4a Fig. 2.7a Fig. 2.7b Fig. 2.7c  Total 
Manual Count 112 52 185 109 
 
458 
True Positive 98 48 171 101  418 























6   
(5.5%) 
 49   
(10.7%) 
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2.3 Viability Determination using Bright-Field Imaging 
After properly segmenting the images, it is possible to extract cytometric information 
about the size and shape characteristics of the spores.  This was performed using the 
‘regionprops’ function in Matlab.  For each segmented region we determined the area, 
eccentricity (the ratio of the elliptical foci of a region to its major axis length), perimeter, 
and major and minor axis lengths.  This method was used on various bright-field images 
with larger fields of view to analyze a total of 4048 viable spores.  It was determined that 
the spore samples had a major axis length of 1.43 ± 0.16 µm (standard deviation) and a 
minor axis length of 1.15 ± 0.16 µm.  When compared to values reported by Carerra, et al. 
[101], the major axis length is in very close agreement with their length of 1.49 ± 0.17 µm.  
The measured minor axis length is slightly larger than the reported value of 0.85 ± 0.08 
µm.  The reported values by Carerra are based on a manual count of 100 spores from a 
transmission electron microscopy image and these images show a visually more elliptical 
shape than the spores reported in this effort likely due to much higher resolution achieved 
by TEM and/or the differences in the strains of spores. B. anthracis Sterne spores. These 
spores have a spheroid shape which allows their volume to be determined using the major 
and minor axis lengths and the equation V = πLW 2/6 for the major axis length, L, and 
minor axis length, W.  Calculating the volume allows for comparison to spore 
measurements taken using Coulter counters which have a much higher throughput than 
image analysis techniques [102].  B. anthracis delta-Sterne is an attenuated version of B. 
anthracis Sterne with similar size characteristics [101].  Buhr, et al [102] reports a spherical 
diameter for B. anthracis delta-Sterne spores of 1.14 ± 0.18 µm based on over 800,000 
spores using Coulter analysis.  This value is in good agreement with the 1.23 ± 0.14 µm, 
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which we determined based on our measured major and minor axes lengths using optical 
microscopy and are shown in Figure 2.8. 
 
 
Figure 2.8. Size measurements determined using segmented images showing the spore major (a) and minor 
(b) axis lengths compared to results reported by Carerra [34] (dashed lines left and middle) based on a 
small number of analyst counted spores.  Using these values to determine a spore volume (V=πLW2/6), the 
spherical diameter can be calculated (c) which shows good agreement to the values reported by Buhr [35] 
based on a large sample size of Coulter counted spores and is represented by the dashed line on right. 
 
 A similar series of images with larger fields of view were analyzed to determine 
the size and shape characteristics for 3627 gamma irradiated spores.  Comparing these non-
viable spores to the viable spores showed a similar length along the major axis, 1.43 ± 0.16 
µm for the viable compared to 1.42 ± 0.26 µm for the gamma irradiated ones, however the 
minor axis length was smaller for the gamma irradiated samples with a length of 0.99 ± 
0.13 µm (non-viable) compared to 1.15 ± 0.16 µm (viable).  The ratio of the major axis to 
the minor axis (hereafter called length ratio) for individual spores has a median of 1.22.  
The length ratio cannot be less than one, which means that 50% of the viable spores have 
a ratio between 1 and 1.22.  The length ratio for the gamma irradiated spores has a median 
value of 1.42 and a standard deviation of 0.24.  These differences are also noticeable in the 
area, where the viable spores measure 1.25 ± 0.26 µm2 and the non-viable spores measure 
1.08 ± 0.31 µm2.  Figure 2.9 shows the comparison of these three parameters with the 
a b c 
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viable spores shown in light gray and the gamma irradiated spores shown in dark gray. 
Since these distributions do not necessarily follow a normal distribution, a one-sided Mann-
Whitney U-test was performed (α = 0.01) to test whether the measurements are from 
independent populations.  The test rejected the null hypothesis for all three (p = 0) and 
returned z-statistic values of 43.8, 37.4, and 30.9 for the minimum axis length, length ratio, 
and spore area, respectively.  It is evident that there is overlap between the distribution of 
viable and non-viable spores which prohibits perfect classification.  Figure 2.10 shows the 
receiver operating characteristics (ROC) curve based on the minimum axis length (solid 
line), the ratio of the maximum to minimum axis lengths (dashed line), and the area (dot-
dashed line) to quantify the tradeoffs between the ability to correctly identify viable spores 
and the misclassification of gamma irradiated spores.  The area under the curve (AUC) for 
each variable described above shows that the minimum axis length provides the best 
criterion to discriminate using univariate thresholding. The result maximizing the sum of 
the probability of true detection and one minus the probability of false detection 
(alternatively this can be viewed as maximizing the distance from random chance, shown 
by the dotted line) corresponds to a true identification rate of 67% with a misclassification 
rate of 18%, and is marked in Figure 2.10.  If used as a screening method, the threshold 
could be adjusted to allow more or less false identifications depending on the speed 
required for any follow-on sampling.  The discrimination performance should be tested 
with more advanced classification methods such as support vector machines, but this was 
not explored in this work.  
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Figure 2.9. Comparison of the size characteristics for the viable (light gray) to non-viable (dark gray) spores 
showing the difference in minor axis length (left), the ratio of major axis to minor axis (center), and the 




Figure 2.10. Receiver operating characteristics showing ability to classify viable spores based on the 
minimum axis length (solid), the ratio of minor axis length to major axis length (dashed), and area (dot-
dashed).  The dashed line on the diagonal shows the result for a random classifier and is for visualization 
purposes only. The point maximizing the distance from random is marked with a star and corresponds to 





RAMAN SPECTRAL ANALYSIS OF 
BACTERIAL SPORES 
3.1 Introduction 
Raman microscopy provides a potential method to overcome the misclassification rate 
between viable and gamma-irradiated spores demonstrated using bright-field imaging 
alone in Chapter 2.  As discussed in Section 1.5.3, Raman spectroscopy has previously 
shown the ability to differentiate viable from non-viable spores that were inactivated using 
wet-heat [42, 43], cold atmospheric plasma [44], and chemical (formalin) [40] methods.  
In this Chapter we first look at spectral differences in viable and gamma irradiated B. 
anthracis Sterne spores.  Next, we discuss spore damage that could result from 





a registration technique to align the high resolution bright-field image with the low 
resolution Raman image to extract single spore spectra from RHSCs.  We then look at 
Raman spectra from different Bacillus strains and component biomarkers.  Finally, we 
compare spectral changes for all these Bacillus strains between viable and inactivated 
spores using both gamma irradiation and autoclaving methods. 
 
3.1.1 Raman Instrumentation 
Raman spectra were collected using the same Witec Alpha 300R confocal microscope 
system used for the bright-field imaging.  The sample was excited using the same 100× 
microscope objective with a 532 nm excitation laser.  The light was collected by an optical 
fiber and dispersed in a Witec UHTS300S_VIS spectrometer.  Both the laser and 
spectrometer are shown in Figure 3.1.  The spectrometer used a 600 line/mm grating blazed 
at 500 nm which produced spectra with a 4 cm-1 resolution. 
 
 
Figure 3.1. Image of Witec 532 nm excitation laser and UHTS300S_VIS spectrometer 
532 nm Laser 
Spectrometer 




3.2 Raman Analysis of Bacillus Biomarkers 
In order to attribute specific spectral features within spore spectra, Raman spectra was 
collected from Bacillus biomarkers.  As discussed in Section 1.3.1, Bacillus endospores 
are primarily made up of DNA, SASPs and other proteins, CaDP, peptidoglycan. 
Additional spectra were also collected for Lipteichoic acid and polyhydroxybutyric acid 
(PHBA) which are not typically found in spores, but are found in vegetative Bacillus cells 
[24, 103, 104].  These were included as biomarkers because remnants of these compounds 
could be present in the samples after sporulation.   
To collect these samples, aluminum coated microscopy slides were prepared by 
depositing dry samples of various spore biomarkers to include CaDP, lipoteichoic acid and 
peptidoglycan from Bacillus subtilis, PHBA, and DNA from E. coli.  Raman spectroscopy 
is not very specific in discriminating large proteins, thus ovalbumin from chicken egg white 
was added to the list of biomarkers as a surrogate for large proteins.  The CaDP was 
synthesized using the method described by Strahs [105] and all other biomarkers were 
purchased commercially.  Spectra for these biomarkers can be seen in Figure 3.2. 
 
 








Figure 3.2. Raman spectra of several Bacillus biomarkers. 
 
  





3.3 Average Raman Spectra from Viable and Gamma 
Irradiated B. anthracis delta Sterne Spores 
To determine whether Raman spectroscopy is capable of differentiating viable and 
gamma irradiated spores, we needed to obtain representative Raman spectra for both 
classes. Two separate slides were prepared: the first was populated with only viable spores 
and the second with gamma irradiated spores. Multiple fields of view (FOVs) from the two 
microscopy slides were interrogated with Raman chemical imaging microscopy. The 
Raman microscope was used in “continuous mode” where each spectra was acquired with 
a 0.5 μm step size over samples of all viable and gamma irradiated spores to generate 
Raman hyperspectral cubes.  Preprocessing of all RHSCs was performed using Witec 
Project 5.2 analysis software by removal of “cosmic rays” using a filter size of 2 and 
dynamic factor of 5 (description of these terms are proprietary of Witec).  Additionally a 
baseline correction was performed using a rolling circle filter with a size of 100 spectral 
bins. Average spectra were created of each population by extracting spectra from these 
hyperspectral cubes.  Both types of spores have strong Raman peaks associated with the 
C-H stretching vibrations around 2938 cm-1, which was used as a trigger to include that 
spectrum in the generation of representative average spectra for each of the two classes.  A 
total of 2200 spectra were extracted from 325 viable spores and 1100 spectra were used 
from 150 deactivated spores.  The average of the extracted Raman spectra from viable and 
gamma radiation deactivated B. anthracis spores constituted the representative spectra for 
the two classes.   Figure 3.3 shows the average spectra of the viable and gamma irradiated 
spores.  The intensities of the spectra have been normalized to that of the C-H stretch (not 





shown), and offset for clarity.  The average Raman spectrum from the gamma radiation 
deactivated spores was subtracted from that of viable spores. The difference spectrum is 
shown with blue line in the Figure 3.3. Significant spectral differences were noticed at 664, 
823, 1018, 1402, 1450, and 1575 cm-1, which were linked to CaDP, a bio-molecule found 
in Gram positive spores that is reported to stabilize the DNA inside the spore [106].  CaDP 
was synthesized using the method described by Strahs [105], with the spectrum shown as 




Figure 3.3. Average spectra collected from viable (green) and gamma irradiated B. anthracis Sterne 
spores (red).  Using a least squares subtraction of the non-viable from the viable spectrum leaves the 
residual shown in blue which matches the CaDP shown in black.  The spore spectra were normalized to 
the C-H peak intensity and 2938 cm-1.  Spectra have been offset for clarity. 
 
 






3.3.1 Effect of Spore Edges on Raman Signatures 
The spectra from Section 3.3 are averages taken over a large number of whole spores.  
It was observed when looking at individual spores that there are spectral variations 
depending on which portion of the spore the laser is centered at.  To demonstrate this effect, 
a high density (oversampled) RHSC was generated of the three viable B. anthracis Sterne 
spores shown in Figure 3.4a.   
A RHSC was generated over a 7×7 μm area comprised of 28×28 laser interrogations 
(0.25 μm steps between each measurements).  From this it was observed that different 
regions of the spores had different ratios in some of their spectral components.  These two 
components corresponded measurements centered in the core of the spore (shown in red in 
Figure 3.4b) and those taken at the edge (blue).  The spectra for these two populations are 
shown in Figure 3.4c where the spectra have been normalized to the C-H stretch peak at 
2938 cm-1 (not shown).  The average viable spectrum from Section 3.2 is shown in green 
and offset for comparison.  Overall, the same spectral peaks are present and the correlation 
coefficient for these two spectra from 600-1750 cm-1 is 0.975, however the intensity of the 
peaks at 1018, 1402, 1450, and 1575 cm-1 (denoted with *) are reduced. These spectral 
peaks are associated with CaDP which, as discussed in Section 1.3.1, is concentrated in the 
core of a spore.  The intensity of the peaks located at 664, 823, and 1664 cm-1 are consistent 
for the two spectra.  The change in the peak ratios from the core and edge has the potential 
to effect spectral library matching algorithms. 









Figure 3.4. Three viable spores (a) were used to generate a high spatial resolution RHSC with 0.25 μm step 
size.  b) shows the locations that correspond to two distinct spectral features appear in the core (red) and 
the edge (blue).  These spectra are shown at the top of c).  The average viable spectrum from Section 3.2 is 




c) * * * 
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3.3.2 Laser Damage and Integration Time 
The measured Raman signal strength can be controlled by two main instrument 
settings: laser power and integration time.  To acquire a strong Raman signal one would 
ideally use the highest possible laser power (without damaging the sample) for the longest 
possible exposure time (to prevent detector saturation).  The final application described in 
this thesis requires short detector integration times to allow for a high throughput.  This 
section analyzes the trade space between these two factors to determine a laser intensity 
and integration time that yield an acceptable signal to noise ratio (SNR) in the shortest time 
while minimizing sample damage. 
First, an estimate of the spore laser damage threshold was estimated.  This was 
performed by interrogating a spore for 100 s using different laser intensities.  A Raman 
spectrum was collected each second to monitor any changes within the spore.  Spores were 
interrogated using 3 mW, 5 mW, 7 mW, 10 mW, and 20 mW laser intensities. A single 
spectrum from a viable spore collected using a 1 s integration time is shown on the left of 
Figure 3.5 for each of these laser intensities showing the increased Raman signal as the 
laser power rises. The SNR was calculated by taking the ratio of the CaDP peak at 1018 
cm-1 to the standard deviation of the 1840-2700 cm-1 region of the spectra (which has no 
spectral features).  The right side of Figure 3.5 shows the SNR calculated over 20 spectra 
for the 3 mW, 5 mW, and 7 mW with an average value of 5.4, 8.2, and 12.5, respectively.  
Laser damage (discussed further below) was observed in less than 20 s for the 10 mW and 
20 mW measurements so only five and one data points are shown for these two powers, 
respectively.  The average SNR for 10 mW spectra similar to the 7 mW measurement at 





12.7.  The SNR for the 20 mW spectrum was 16.3.  Bright-field images, shown in Figure 
3.6, were taken before and after laser exposure.  These images show that visible damage 
occurs using a laser powers of 7 mW or higher over the 100 s time period.   
 
 
Figure 3.5. (Left) Raman spectra collected from viable spores using 1 s integration times with different 
laser powers. (Right) SNR of the 1018 cm-1 peak for different laser powers 
 
When looking at the Raman spectra for these damaged spores, noticeable changes to 
the spectrum are observed.  The left side of Figure 3.7 shows two spectra collected using 
10 mW of laser power.  The blue line is a 10× multiplication of the initial spectrum 
collected after 1 s.  After the laser is on the spore for 10 s, the red spectrum was collected.  
This spectrum is dominated by two man peaks centered at 1355 and 1587 cm-1.  These 
peaks are associated with the D- and G-bands of amorphous carbon [107] and are the result 
of burning caused by the laser.  The right side of Figure 3.7 shows the intensity of the 1587 
cm-1 peak over time.  The spectra from 3 mW and 5 mW laser excitation shows no 
significant changes in this peak over the 100 s observation period meaning that there is no 
noticeable sample degradation.  This matches the observations in the bright-field images.  
The spectra from 7 mW, 10 mW, and 20 mW laser excitation show a dramatic increase in 





the amorphous carbon peak which corresponds to the sample damage observed in the 
bright-field images.  Sample degradation is observed at 20 mW after 1 s while the damage 
at 7 mW doesn’t occur until after 45 s of interrogation.   
For the remainder of this work (unless otherwise noted), a 7 mW laser intensity was 
used for measurements.  This value was selected because the measured SNR going from 7 
mW to 10 mW did not show significant improvement.  Additionally, observable laser 
damage was not noted until after 45 s of exposure which is more than 10× longer than our 
typical long exposures.  The exact nature of the sample damage caused by the Raman laser 
or its effect on viability is unknown, however we believe that this safety factor ensures that 
any changes caused by the Raman laser are minimal. 
 





















Figure 3.7. (Left) Raman spectrum of a spore with 10 mW laser intensity after 1 second (blue, multiplied 
by 10 for clarity) and after 10 seconds (red). (Right) Intensity of amorphous carbon peak (1587 cm-1) over 
time for varying laser powers. 
 
Using this 7 mW laser power we next wanted to determine the minimum interrogation 
time required to get a suitable signal.  To do this, a 4×4 grid of spectra covering 2.5 × 2.5 
μm around a viable spore were collected using the “continuous mode” on the Witec 
microscope.  This process was repeated using different integration times ranging from 0.1 
to 10 s.  The SNR was calculated in the same manner above for both the CaDP peak (1018 
cm-1) and the C-H stretch peak (2938 cm-1).  The highest observed SNR for each set of 16 
spectra are shown in blue in Figure 3.8.  The SNR values plateau around 3 s.  Although the 
peak intensity continues to increase linearly (as shown in red in Figure 3.8), the noise also 
increased for long integration times which prevented improvements to the overall SNR. To 
maintain high throughput, the shortest possible integration time is desirable.  Based on 
these results, an integration time of 1.5 s was selected as a good combination of high SNR 
and relatively short time. 







Figure 3.8. SNR for the CaDP peak (1018 cm-1) and C-H stretch (2938 cm-1) (left axis, blue) and the 
measured signal intensity and noise (right axis, red) 
 
3.4 Registration of Bright-field Images to Raman 
Hyperspectral Images and Spectral Extraction 
As described in Section 1.5.2, Raman chemical images are generated by raster 
scanning a laser over a sample to collect Raman spectra at each spatial coordinate.  This 
generates a cube of data with spatial information stored along the x- and y-axes and spectral 
information saved in the z-axis.  Since the spatial resolution of bright-field imaging and 
Raman chemical imaging are both determined by the diffraction limit of visible light, it is 
technically feasible for Raman chemical imaging to reach image resolutions comparable to 
those obtained in bright-field images, however because each pixel needs to be measured 
individually in an RHSC the process of doing so is not practicable due to the time required 





to sample each pixel.  This means that Raman chemical images typically have significantly 
lower spatial resolution compared to bright-field images.   
The step size for our RHSCs was typically 0.5 μm in both spatial dimensions.  Since 
Bacillus spores are ~1 μm in diameter that means that taking a hypercube over a larger 
region means that each spore could be interrogated multiple times.  Similarly, the laser 
could also interrogate an area where multiple spores are present in the field of view.  
Because of these factors, it is possible to estimate the number of spores present using these 
low resolution bright-field images, however it is difficult to demarcate specific viable or 
non-viable spores in regions of higher spore density.  Additionally, the Raman spectra 
collected over a single spore are not uniform and the fixed step size of the raster scan can 
lead to the interrogation of spore edges or multiple spores at a time which may not be 
representative of the spore as a whole.  To build an average Raman spectra for a single and 
specific spore, a method was needed to map each point in the data cube to a pixel in the 
bright-field image.   
Image registration is a process where two different images of the same scene are 
aligned to overlap one another.  Because the bright-field microscopy image is significantly 
higher resolution than the Raman data cube, straightforward registration techniques were 
unable to be used.  To overcome these challenges, we developed a method to combine all 
measured Raman spectra from a single spore to obtain an average Raman spectrum for that 
spore.  An example bright-field image of Bacillus atrophaeus spores is shown in Figure 
3.9a.  First, the segment of the RHSC corresponding to the C-H stretch (2938 cm-1, C-H 
image), shown in Figure 3.9b, was extracted and resized to match the pixel size of the 
bright-field image using a nearest neighbor interpolation.  Figure 3.9c shows an example 





of the misalignment present between the bright-field and Raman images prior to 
registration.  A singly dispersed spore in circled on the right side of the image to highlight 
this misalignment.  Next, a non-reflective similarity transform was applied using the 
Matlab functions ‘fitgeotrans’ and ‘imwarp’ to translate, rotate, and scale the bright-field 
image into alignment with the results shown in Figure 3.9d.  Third, the segmentation 
method, described Section 2.2.1, was then used on the bright-field image as shown in 
Figure 3.9e to demarcate the spores.  Finally, every pixel in each demarcated spore was 
then mapped back to a spectrum within the RHSC. Due to its higher spatial resolution, 
pixels in the bright-field image can map back to the same pixel within the RHSC which 
creates a weighted average spectrum being generated for each segmented region.  In order 
to prevent background (non-spore) data from being included in the average, spectra without 
the C-H stretch spectral feature at 2938 cm-1 were excluded.  If more than 25% of the pixels 
identified within any segmented region mapped to excluded spectra in the RHSC, then the 
region was considered blank and an average was not calculated.  Using this method to 
threshold out regions without corresponding spectral features was done to overcome the 
over-segmentation issues explained in Section 2.2.2.  The section circled in Figure 3.9f 
shows spores correctly identified in the segmentation, but not included in the average due 
to poor Raman signal.  This data was collected from top to bottom and experienced a drift 
in focus as the scan progressed which caused more below threshold pixels to be located 
toward the bottom of the data cube.  The example shown in Figure 3.9 identified and 
generated spectra for 115 spores.  The goal of this method is to generate a large number of 
high quality weighted average spectra that correspond to single spores which will be 
discussed in the following sections. 






Figure 3.9. The process registering a bright-field image (a) and the C-H stretch segment of an RHSC (b) 
with initial poor alignment (c).  After registration (d) the image is segmented (e) with each region being 
mapped back to a specific spectrum from the original data cube (f). 
3.5 Extracted Single Spore Raman Spectra from Viable and Gamma Irradiated B. 




3.5 Extracted Single Spore Raman Spectra from Viable and 
Gamma Irradiated B. anthracis delta Sterne  
This process was first applied to the viable and gamma irradiated spore samples used 
for the library development above.  Figure 3.10a and Figure 3.10e show samples of the 
bright-field images of viable and gamma irradiated spores, respectively.  These images 
were then registered to the C-H segment of the RHSCs (Figure 3.10b and Figure 3.10f).  
Figure 3.10c and Figure 3.10g show each pixel being mapped back to a spectrum from the 
RHSC which then create weighted average spectra shown in Figure 3.10d and Figure 
3.10h.  These averaged spectra create a better representation of the spore as a whole to give 
higher confidence when comparing to a library.  The correlation coefficient was calculated 
for the extracted average spectra for all 325 viable and 150 gamma irradiated spores 
compared to the library spectra extracted in Section 3.3 for the fingerprint region from 600-
1750 cm-1 (274 points).  A correlation threshold of 0.8 was used to classify each spectrum 
as either viable or gamma irradiated.  If a spore spectrum had a correlation above 0.8 for 
both the viable and non-viable classes then the higher of the two was chosen for 
classification (note: the viable and gamma irradiated library spectra had a correlation of 
0.7 to each other over the 600-1750 cm-1 range).  If the correlation was below 0.8 then the 
spectrum was classified as “other.” The results of the library validation are shown in Table 
3.1.  Of the 325 viable spore spectra, seven did not correlate to either the viable or gamma 
irradiated library spectra.  The 318 correctly classified spores had an average correlation 
score of 0.989 while the seven outliers averaged 0.519. These outlier spectra were 
determined to be from leftover growth media and/or remnants of vegetative cells that 
3.5 Extracted Single Spore Raman Spectra from Viable and Gamma Irradiated B. 




remained after the sporulation process.  None of the gamma irradiated spores were mis-
classified as viable, but five of the extracted spectra were classified as “other.” The 145 
correctly classified spores had an average correlation score of 0.967 while the outliers 
averaged 0.553.  These outlier spectra were noticeably different from both the viable and 
the irradiated spores and exhibited distinct peaks at 841 and 959 cm-1 (not shown).  It was 
determined that these spectra matched that of PHBA, a biomolecule found in the Bacillus 
anthracis vegetative cells [46].   
 
Table 3.1. Classification results for all viable and all gamma irradiated samples 
  Classification Result 
 Total # Viable Gamma Irradiated Other 
     
Viable 325 
318 1 6 
(97.8%) (0.3%) (1.8%) 




0 145 5 
(0%) (96.7%) (3.3%) 
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Figure 3.10. (a) Example a bright-field image of all viable spores, (b) that image registered to the C-H 
region of an RHSC, (c) a map of individual spectra associated with each spore, and (d) a comparison of 
all extracted viable spores to the viable and gamma irradiated spore library spectra.  An example of 
gamma irradiated spores is shown in e-h. 
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3.6 Raman Analysis of Different Bacillus Species 
Due to the potential toxicity of Bacillus anthracis, it is regulated at biosafety level 3 
(BSL-3) which requires secured containment, certified biological safety cabinets, and the 
use of a powered air purifying respirator (PAPR) for handling.  These burdens to shipment 
and laboratory personnel means that much of the research applied toward B. anthracis is 
performed on surrogate materials.  These materials are often attenuated versions of B. 
anthracis such as the Sterne strain used for much of this thesis or other Bacillus strains 
such as B. atrophaeus (formerly known as B. globigii and B. subtilis niger), B. 
thuringiensis, or B. megaterium (this is not an exhaustive list of surrogate materials) [9].  
The prevalence of these additional Bacillus strains in BW research makes it desirable to 
understand the spectral similarities and differences between the different strains.  
Additionally, studying the spectral changes caused using different deactivation methods 
can help us to understand the exact mechanism that causes a spore to become non-viable. 
For this portion of the study, samples of these four spores were procured from the US 
Army Combat Capabilities Development Command Chemical Biological Center’s 
BioTechnology Branch.  The B. anthracis Sterne used in this section is from a different 
batch than the spores used in the remainder of the thesis.  This was done to ensure that all 
four strains were prepared using the same methodology (detailed in Section 1.3.4) to 
minimize any spectral differences that may have been related to the method of preparation.  
The spore were measured in their original (viable) state, after exposure of a 2 mL liquid 
suspension of spores to 50 kGrays of gamma irradiation, and after autoclaving a 0.5 mL 
suspension of spores at 121 °C for 30 minutes.  After both the gamma irradiation and 
autoclaving, 0.1 ml of each inactivated strain containing at least 5x 107 cfu/mL was 




inoculated into 250 ml 0.8% nutrient broth supplemented with CCY salts and incubated at 
30 °C and 225 rpm for 2 weeks to confirm lack of growth. 
Bright-field images and RHSCs were taken from samples of viable, gamma irradiated, 
and autoclaved for all four strains.  Each measured sample contained only a single type of 
spore.  The bright-field image to RHSC registration technique described in Section 3.4 was 
used to extract weighted average spectra for each class.  All the extracted spectra were 
averaged together to create a single library spectrum that corresponded to all the spores.  
The correlation coefficient was then measured for each of the individual extracted spectra 
compared to this library.  Spectra with a correlation coefficient less than 0.95 were 
excluded from further analysis.  This removed approximately 4.5% of the spectra which 
corresponded to non-spore items such as PHBA, growth media, and/or cellular debris.  
After this screening was complete, spectra from 8,940 spores remained for analysis.  Table 
3.2 lists the number of spectra extracted from each class of spore. 
 
Table 3.2. Total number of spectra extracted for each class 
 Number of Extracted Spectra 
 Viable Gamma Irradiated Autoclaved 
B. anthracis Sterne 1179 599 2177 
B. atrophaeus 541 402 413 
B. thuringiensis 939 413 358 
B. megaterium 339 541 1039 
 
  




The spectra were analyzed using principal component analysis (PCA).  PCA is a 
method of reducing the dimensionality of a set of data by solving for a set of eigenvectors 
which maximizes the variability in the data.  This is done by first combining all the 
measured spectra into an 𝑛 × 𝑚 matrix, 𝑿, which contains 𝑛 spectra each containing 𝑚 
data points.  The covariance matrix, 𝑪, is first calculated using the following equation: 
 𝑪 = 𝑿⊺𝑿 (3.1) 
where 𝑿⊺ is the transpose of 𝑿.  This results in an 𝑚 × 𝑚 covariance matrix.  Eigenvector 
decomposition is then performed on the covariance matrix such: 
 𝑪 = 𝑾𝚲𝑾−1 (3.2) 
The eigenvector decomposition of the covariance matrix results in the an 𝑚 × 𝑚 
matrix of eigenvectors, 𝑾, and an 𝑚 × 𝑚 diagonal matrix of eigenvalues, 𝚲.  These 
eigenvectors, referred to as principal components or PCs, are orthogonal and are arranged 
such that the first PC (PC 1) has the largest variance with each subsequent PC accounting 
for less variance.  The PCA score (or loadings), 𝑻, is calculated using the original data and 
the eigenvectors using the equation: 
 𝑻 = 𝑿𝑾 (3.3) 
where the score is an 𝑛 × 𝑚 matrix that represents the original data 𝑿 in PC space [108, 
109].  The following sections will detail the PCA scores for these spores. 
 
3.6.1 Viable Spores 
All the spectra collected from viable spores are shown in Figure 3.11.  The region from 
1750-2800 cm-1 contains no spectral features for any of the spores so this portion of the 
spectra and was truncated prior to performing the calculations below and removed from 




the plots for clarity.  The individual spectra are shown in gray with the average spectrum 
shown on top.  All peaks have been normalized to the C-H stretch at 2935 cm-1.  This shows 
the amount of variation within each set of spectra.  The most intra-spore variation for all 
four strains occurs around the CaDP peaks at 823, 1018, 1402, 1450, and 1575 cm-1.  As 
discussed in Section 3.3.1, this is likely caused by edge effects when the laser interrogates 
portions of the spore with a lower concentration of CaDP as well as natural variations of 
CaDP level within the spores. Although these spectra are weighted averages intended to 
cover an entire spore, misalignment in the registration process and variations on the 
specific portion of the spore being interrogated for individual spectra like lead to these 
spectral variations.  The B. megaterium and B. thuringiensis also have transient peaks at 
1153 and 1515 cm-1.  These peaks are small or nonexistent in the average spectra, but 
individual average spore spectra within the class shown pronounced features at those 
locations.  These two features appear in approximately 13% of the B. megaterium spectra 
and 16% of B. thuringiensis spectra.  These spectral features do not correspond to any of 
the measured biomarkers and are likely remnants of the growth media. 






Figure 3.11. Raman spectra collected from the four Bacillus species.  Individual spectra are shown in gray 
with the average spectrum on top. 
 
 The average spectra for the four strains have are very similar.  The cross correlation 
coefficients were calculated for spectra combining the 600-1750 cm-1 and 2800-3150 cm-1 
spectral ranges which were all >0.98 as shown in Table 3.3.  PCA was used to look for 
variations within the spectrum that could be used to discriminate the four classes.  Figure 
3.12a shows a plot of the PCA scores for the first two PCs for all 2,998 viable spectra.  PC1 
can be used to effectively distinguish B. anthracis Sterne and B. atrophaeus from B. 
megaterium and B. thuringiensis while PC2 can be used to discriminate B. anthracis Sterne 




from B. atrophaeus.  Significant overlap exists between the populations of B. megaterium 
and B. thuringiensis along PC 1 and PC 2 however PC 11 and PC 18 (Figure 3.12b) show 
good separation.   
 
Table 3.3. Cross correlation matrix for the average spectra of the four Bacillus strains. 
 BAS BAt BM BT 
B. anthracis Sterne (BAS) 1.000 0.990 0.997 0.998 
B. atrophaeus (BAt) 0.990 1.000 0.991 0.987 
B. megaterium (BM) 0.997 0.991 1.000 0.997 





Figure 3.12. a) PCA scores for the first two PCs for B. anthracis, B. atrophaeus, B. megaterium, and B. 
thuringiensis. b) PCA scores for PC 11 and PC 18 for B. megaterium and B. thuringiensis. 
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The scree plot in the left of Figure 3.13 shows that 41 PCs are needed to account 
for 90% of the variance in the data (shown at the dashed line in the figure).  PC 1, PC 2, 
PC 11, and PC 18 are shown in Figure 3.14 compared to the average spectra for all four 
spore classes.  These four PCs, which showed the greatest ability to distinguish the spore 
strains, are not dominated by a single peak but instead have multiple positive and negative 
peaks corresponding to peaks and valleys in the original spectra.  This means that the 
discrimination is being accomplished looking at the ratios of specific peaks as opposed to 
the presence or absence of a specific compound which makes sense given the spores being 




Figure 3.13. Scree plot showing the variance associated with each PC in blue (left axis) and the cumulative 
variance accounted for in the given PCs (right axis).  The dashed red line shows where 90% of the total 
variance is accounted for.   
 





Figure 3.14. Average Raman spectra for all four classes compared to PC 1, PC 2, PC 11, and PC 18. 
 
3.6.2 Deactivated Spores 
Raman spectral differences between viable and gamma-irradiated B. anthracis Sterne 
spores were shown in Section 3.3.  We will now look for differences between viable spores 
and spores that have been inactivated using gamma-irradiation and autoclaving for B. 
anthracis Sterne, B. atrophaeus. B. megaterium, and B. thuringiensis.  Average spectra for 
each class are shown in Figure 3.15.  These average spectra have been normalized to the 
C-H stretch at 2935 cm-1 (not shown) in order to emphasize the difference in peak 
intensities between the viable and inactivated spores.  Similar to the result shown in Section 
3.3, the biggest spectral difference observed between the viable and inactivated spores is 




the reduction of the peaks associated with CaDP at 664, 823, 1018, 1402, 1450, and 1575 
cm-1 which occurred in both the autoclaved and gamma irradiated samples of B. 
atrophaeus. B. megaterium, and B. thuringiensis.   
 
 
Figure 3.15. Average Raman spectra of B. anthracis Sterne, B. atrophaeus, B. megaterium, and B. 
thuringiensis spores that are viable (green), deactivated with gamma irradiation (red), and deactivated by 
autoclaving (blue). 
 
This change was also observed in the autoclaved sample of B. anthracis Sterne, 
however it was not present in the gamma irradiated spores as it had been with the previous 
samples of B. anthracis Sterne used throughout the remainder of this thesis.  This is 
attributed to different growth conditions between the two batches of spores.  The exact 
cause and mechanism of this difference is beyond the scope of this effort, however it was 








desirable to know whether these gamma irradiated spores could be differentiated from the 
viable.  The correlation coefficient comparing the average spectra of B. anthracis Sterne 
viable and gamma irradiated spores is 0.98 over the 600-1750 cm-1 region, however when 
PCA was performed on all the B. anthracis Sterne spectra the viable spectra show distinct 
separation along PC1 as shown in Figure 3.16.  Although the average spectra are very 
similar, the individual spectra from the gamma irradiated spores generally show more 
variation than the viable spores as shown in gray on the left side of Figure 3.16.  These 




Figure 3.16. (Left) All Raman spectra of viable, gamma irradiated, and autoclaved B. anthracis Sterne 
spores in gray compared to the spectral average.  (Right) Plot of the first two PCA coefficients for all B. 
anthracis Sterne spores. 
 
PCA was performed on the other spores as well.  The results for B. atrophaeus and B. 
thuringiensis are shown in Figure 3.17 and Figure 3.18, respectively.  Both of these spores 
exhibited distinct separation between the viable and non-viable classes.  In the case of B. 
megaterium (Figure 3.19), there is good separation between the classes, however some 
overlap exists between that could result in misclassification between the two.  It was not 




possible to achieve full separation using higher principal components.  B. megaterium 
provides the opposite scenario from B. anthracis Sterne in that the average spectra for the 
classes show significant differences (correlation between viable and autoclaved in 0.80 and 
the correlation between viable and gamma irradiated is 0.71), however the variations in the 
individual spectra make separation of the viable and non-viable classes challenging. 
 
 
Figure 3.17. (Left) All Raman spectra of viable, gamma irradiated, and autoclaved B. atrophaeus spores in 





Figure 3.18. (Left) All Raman spectra of viable, gamma irradiated, and autoclaved B. thuringiensis in gray 
compared to the spectral average.  (Right) Plot of the first two PCA coefficients for all B. thuringiensis 
spores. 





Figure 3.19. (Left) All Raman spectra of viable, gamma irradiated, and autoclaved B. megaterium in gray 
compared to the spectral average.  (Right) Plot of the first two PCA coefficients for B. megaterium spores. 
 
In general, Raman spectroscopy has shown the ability differentiate viable and non-
viable spores.  Although the different spectral changes were observed between the batch of 
B. anthracis Sterne spores from this section and those used throughout the remainder of 
the thesis, the ability to differentiate the classes within the same batch was demonstrated.  
Chapter 4 will describe a process to find analyze spores and after deactivation.  In this 
process potentially viable spores are targeted and then have their viability confirmed with 
Raman using library matching.  This analysis shows that the library used may need to be 







TARGETING OF SPORES FOR RAMAN 
ANALYSIS 
4.1 Introduction 
Chapter 3 showed spectral differences between viable and non-viable spores that were 
inactivated using gamma irradiation and autoclaving. In this chapter the ability to identify 
viable spores within a mixture of viable and gamma irradiated spores will be studied and 
demonstrated.  Originally this will be done on full RHSCs using the procedure shown in 
Figure 4.1a.  This process is effective, however collecting a full hypercube over a 
deposition of spores can be time consuming and result in extraneous sampling of regions 
where no spores were present.  In order to cut down on the overall scan time it is desirable 
to target individual spores for Raman analysis to determine their viability with minimal 





background scanning.  To do this, the bright-field imaging segmentation procedure detailed 
in Chapter 2 was integrated into the Raman analysis procedure as shown in Figure 4.b. 
 
 
Figure 4.1. Flow chart showing the two data collection procedures used in this chapter a) full RHSC 
collection and b) targeted Raman analysis. 
 
A scan efficiency term is defined and targeted and RHSC scans are performed on the 
same FOV for two different samples.  The first is sparsely populated with spores while the 
second is densely populated.  The results and overall collection efficiency are compared to 
show two extreme scanning scenarios and the benefits and limitations associated with each. 
 
4.2 Identification of viable and non-viable spores in a 
mixed field of view using RHSC 
To demonstrate the ability to differentiate viable from non-viable spores in a mixed 
FOV using an RHSC, a 50:50 mixture of viable and gamma irradiated B. anthracis Sterne 
spores was examined.  Figure 4.2a shows the bright-field image (549×760 pixels) of the 
mixture.  A 43×59 pixel RHSC was generated over this FOV using 532 nm laser excitation 
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at 4 mW and a 2 s integration time per pixel.  Each spectrum was classified as viable or 
gamma irradiated using the correlation coefficient calculated from 600-1750 cm-1 
compared to library elements of viable and gamma irradiated spores and PHBA as 
described in Section 3.5.  Figure 4.2b shows all pixels with a correlation coefficient above 
0.8 to the viable library spectrum as green and above 0.8 to the gamma irradiated library 
spectrum as red.  PHBA was also present in the sample and pixels that matched its spectrum 
with a correlation above 0.8 are marked in blue.  The results from the RHSC have been 
scaled up and overlaid on the bright-field image for context.  As discussed in Section 3.4, 
this method can be used to estimate the numbers of viable and non-viable spores, however 
the spectra can be noisy and it can be difficult to identify where one spore ends and another 
begins. 
Segmenting the image (Figure 4.2c) and mapping the spectra back to pixels in the 
bright-field image was used to generate weighted average spectra with higher SNR 
(compared to the RHSC) for each segmented region that could be tied to a specific spore 
(as described in Section 3.3).  Figure 4.2d shows spore level identifications determined by 
calculating the correlation coefficient for the weighted average against the library elements 
and using the same correlation threshold of 0.8 and colors as described above.  Using this 
method provides higher fidelity and increases confidence in the results.    Objects from the 
bright-field image without color correspond to regions that either did not match the size 
parameters for segmentation, did not have enough spectra with the C-H stretch spectral 
feature at 2938 cm-1 to generate an average spectrum, or the average spectrum that was 
generated for the region did not correlate to viable or gamma irradiated spores or PHBA. 







Figure 4.2. (a) Bright-field image of a mixture of viable and gamma irradiated spores.  (b) Map of spectral 
correlation scores with pixels >0.8 marked green for viable and red for gamma irradiated.  (c) Segmented 
bright-field image.  (d)  Map of spore level spectral correlation scores >0.8 marked green for viable and 
red for gamma irradiated. 
 
This method shows the ability of Raman microscopy to differentiate viable and gamma 
irradiated spores.  However, acquiring RHSCs that cover the entire FOV results in a large 
amount of spectral data obtained from empty areas on the slide and is time consuming. For 
example, of the 2537 total spectra collected in this RHSC, 1552 (61%) did not exhibit a C-
H feature.  This means that there was no spore present for interrogation resulting in 
collection of extraneous data. 
 




4.3 Targeted Raman Analysis 
4.3.1 Targeting using bright-field images 
To reduce the amount of extraneous data collection (no spores in the FOV) and the 
overall time when collecting full RHSCs, it was desired to develop a process to target 
spore-like objects and perform Raman collection only at those locations.  The segmentation 
procedure described and characterized in Section 2.2 showed good performance identifying 
spore-like objects in bright-field images and was robust against changes in contrast and 
resolution and was thus selected to determine the spore locations. 
To perform the targeting, the bright-field image was first collected on the Raman 
microscope.  Figure 4.3 shows a 92 × 53 μm FOV containing a 50:50 mixture of viable and 
gamma irradiate B. anthracis Sterne spores.  The same watershed segmentation technique 
described detailed in Section 2.2.2 was applied to this image using a 3×3 spatial filter and 
17 pixel disk shaped structuring element.  After the background was removed, pixels with 
an intensity of 15 or lower was set to zero to prevent over-segmentation.  The watershed 
technique was then applied and regions between 11 and 500 pixels were kept for Raman 
targeting.  The centroid of each region was determined using the ‘regionprops’ function in 
Matlab.  Figure 4.4 shows an expanded view from the area marked with the red box in 
Figure 4.3 showing the segmented region and targeted spores. 
Using the microscope software it was possible to determine the overall size of the 
image in both microns and pixels and the position of the image center using the 
microscope’s coordinate system.  Using these values, the centroid location for each 
identified region was converted from the pixel value determined in Matlab to a distance in 
microns which would be used to direct the Raman microscope to a specific point.  






Figure 4.3. Bright-field image of a 50:50 mixture of viable and gamma irradiated B. anthracis Sterne spores.  
The regions in the red and blue boxes are expanded in Figure 4.4 and Figure 4.6, respectively. 
 
Figure 4.4.  Detailed section of Figure 4.3 showing segmented regions and targeted spores 
 
By default, the ‘regionprops’ function in Matlab orders objects from top to bottom 
along a single column, shifts one column and repeats.  When this information is input into 
the microscope, this created a sub-optimal travel path as shown in Figure 4.5a.  This default 




path for Figure 4.3 was 8759.2 µm.  To reduce the time to move between targets and the 
amount of stress and wear placed on the positioning stage, a routine was written to 
minimize the travel path.  The total travel range was divided into equally sized regions 
typically on the order of 20 regions tall and 5 regions wide as defined by the user.  Starting 
at the left side of the bottom left region, all points were ordered going left to right.  Then 
all the points in the region above were ordered going right to left.  This snake pattern 
continues up the first column before moving to go down the second column.  The general 
pattern is shown as the red line in Figure 4.5b while the specific path required for the 
targeted spores is shown in blue.  The dashed black lines show the boundaries for the 
regions.  After ordering all the points, the total travel distance was calculated.  The number 
of rows and columns was automatically varied around the original settings and the 
combination that produced the minimum travel distance was used to program the 
microscope target list.  For this image, the minimum travel distance was 1591.8 µm and 
occurred when the image was divided into 15 rows with 5 columns. 
 
Figure 4.5. Example microscope travel paths showing a) the default Matlab ordering and b) minimized 
path created by separating into 15×5 regions (dashed black lines).  The general pattern is shown as the 
dashed red line with the specific path taken to interrogate the targeted spores is shown in blue.   
 
a) b) 




It should be noted that the 11 to 500 pixel allowable size range is significantly different 
than the 60 to 280 pixel range used Section 2.2.  The reason for this is twofold.  First, an 
upgrade in the microscope control software allowed for the raw image files to be exported 
whereas the older images showed in Section 2.2 were interpolated.  These interpolated 
images did not affect the overall shape of the regions, but changed the size the area that 
each pixel covered.  The average spore in this image covers 81 pixels while the older 
images have an average spore size of 152 pixels despite being collected from the same 
microscope slide using the same instrument.  The second reason for this change is more 
relevant to the application: to use this method to screen for potential hazards. Failing to 
correctly characterize a viable spore could result in negative health outcomes.  The 
allowable size range was expanded to reduce the risk of failing to properly demarcate 
potential spores resulting in a false negative result. 
One effect of decreasing the allowable region size is that there exists the possibility 
that two small regions could be located next to each other that fall within the diffraction 
limit of the Raman interrogation laser.  This could lead to extraneous data collection of 
what is effectively the same location.  To prevent this from occurring, a check was added 
to determine if the centroids from any two regions were less than 0.65 μm from each other.  
If regions were found that met this criterion, a morphological opening was applied to 
remove the watershed line from between the regions.  An example from Figure 4.3 (marked 
in the blue box) is shown in Figure 4.6.  The left shows a detailed view of the original 
bright-field image.  The spore in the center was originally segmented as two regions whose 
centroids were spaced 0.62 μm apart.  After the morphological opening was applied (right) 




the two regions became one.  The centroid for this newly combined region was then 
calculated and used for analysis. 
 
Figure 4.6. Detailed view of Figure 4.3 showing the bright-field image (left) in which a spore was segmented 
in to regions that were separated by 0.62 um (middle), but recombined into a single target (right) prior to 
laser interrogation. 
 
4.3.2 Collection of targeted Raman spectra 
A total of 513 regions were identified in Figure 4.3.  Ideally, the microscope would be 
able to direct the laser directly to the region centroid and perform a single scan to collect a 
Raman signature, however limitation in stage reproducibility prevent this level of precision 
positioning.  The microscope uses two stages.  The first is a stepper stage that covers a 25 
× 25 mm scanning range.  The stepper stage has 100 nm resolution with a 0.5-1 µm 
repetition accuracy.  The second is a high precision piezo stage with a 100 × 100 μm 
scanning range with a resolution of 1 nm and ±5 nm repeatability.  The piezo stage has the 
reproducibility required to effectively target individual spores, however it has a slow travel 
speed and limited travel range.  In order to position with the speed and total range required 
to target the spores both stages are used, however, reproducibility error and hysteresis in 
the stepper stage causes the positioning to drift over use.  Since the laser focal size, stage 
error, and spores are all approximately 1 µm, this drift in positioning can cause the 
microscope to miss the targeted spores over time.  




To overcome the limitations of stage positioning, a sampling of points around the 
region centroid were measured.  For the example from Figure 4.3 a 4×4 grid covering 2.5 
× 2.5 μm around the target centroid was measured resulting in a total of 16 spectra being 
generated for each identified region. 
The standard Witec Control software can measure a series of spectra at a list of 
coordinates, but it cannot measure Raman maps at these points.  Additionally, the process 
of measuring a single point cannot be done when the auto-focusing is in operation.  The 
Zeiss EC Epiplan-Neofluar DIC 100× objective used for these measure7ments has a NA 
of 0.9 has a depth of field < 1 μm which made the auto-focusing function necessary for 
long scans because variations in laboratory conditions can cause the focus to drift over time 
and reduce the Raman signal when it was not used.  Therefore a program was written in 
Labview (National Instruments, Austin, TX) to interface with the native Witec Control 
software which added the functionality of autofocus and Raman mapping at each target 
location.  
 
4.3.3 Spectral Classification of Targeted Raman Scan 
The correlation coefficient was calculated on each of the 16 spectra collected for a 
region to classify the spores present in the FOV.  Each spectrum was compared to the 
library spectra of viable B. anthracis Sterne spores, gamma irradiated B. anthracis Sterne 
spores, and PHBA.  The correlation was calculated for the spectral fingerprint region of 
600-1750 cm-1.  The correlation coefficients were then used to separate the spectra into 
three categories.  




The first set of spectra had correlation coefficients of 0.8 or higher (hereafter referred 
to as the high threshold).  An example of this is shown in Figure 4.7.  The four spectra at 
the bottom of the figure each have a correlation coefficient >0.8 and any one of those 
spectra being present at a target location would result in the region being classified as a 
detection.  For reference, the average of those four spectra are shown in the middle (blue) 
with the viable spore library spectrum at the top (green). 
 
 
Figure 4.7. Example of a high threshold alarm.  Four of the 16 spectra collected at this location (shown in 
bottom of the figure) had correlation values of 0.8 or higher.  The average of these high threshold spectra 
(middle) had a correlation of 0.96 when compared to the library for viable B. anthracis spores (top). 
 
The second set of spectra had correlation coefficients of 0.6 or higher (low threshold).  
An example of this is shown in Figure 4.8.  The eight spectra shown at the bottom did not 
match as closely to the library, but show some spectral similarity.  An average spectrum of 
all the low threshold spectra was created (middle, blue) and the correlation coefficient was 
calculated again.  If the low threshold average spectrum had a correlation coefficient 
High Threshold Spectra 




greater than the high threshold the region was also classified as a detection.  In this 
example, the average of the eight low threshold spectra had a correlation coefficient of 0.87 
to the gamma irradiated library spectrum shown at the top.  If the average of all the spectra 
above low threshold is less than the high threshold then the region was classified as no 
target being present. 
 
Figure 4.8. Example of a low threshold alarm.  Eight of the 16 spectra collected at this location (shown in 
bottom of the figure) had correlation values between 0.6 and 0.8.  The average of these low threshold 
spectra (middle) had a correlation of 0.87 when compared to the library for gamma irradiated B. anthracis 
spores (top). 
 
The third set of spectra had a correlation coefficient below the low threshold.  If all of 
the spectra fall below the low threshold then no further analysis is performed and the region 
is classified as a non-detection. 
The results from these two classification methods were combined and if either method 
found a detection then the region was identified as that material.  Since measurements were 
taken over a 2.5 × 2.5 μm region and the spores are typically ~1 μm in size there is the 
potential that some Raman spectra may have been collected from materials adjacent to the 
Low Threshold Spectra 




targeted spore.  This means that the set of 16 collected spectra from a region could be 
classified as multiple materials.  These results can be displayed in different manners 
depending on the application.  For this thesis, priority was given to spores (both viable and 
gamma irradiated) over PHBA in regions with multiple classification results.  If spectra 
corresponding to both viable and gamma irradiated spores were in a single region then 
whichever class had more low threshold (which also include high threshold) spectra were 
displayed in the results figures.  This was done to allow for better comparison to the RHSC 
results in which each spectra could only be classified as a single compound.  For the end 
state application of finding a small number of viable spores within a large field of gamma 
irradiated spores, output results would give priority to viable spores to reduce the likelihood 
of a viable spore passing screening undetected. 
 
4.3.4 Results and Comparison of Targeted Raman Scan 
The results from this targeted method were compared to the two RHSC methods 
discussed in Section 4.2 for the same FOV shown in in Figure 4.3. For both of these 
methods, the same 114×186 pixel RHSC was used.  A 1.5 s integration time with a 7 mW 
532 nm laser was used for each point in the RHSC and for each of the 16 spectra collected 
at each location for the targeted scan.  The targeting process identified 513 spore-like 
objects for analysis.  Table 4.1 compares the collection times for the two acquisition 
methods.  The collection time for the targeted scan was determined by multiplying the total 
number of spectra by the integration time and adding in 1 s to account for the time required 
to move the objective to the next spore for interrogation.  The RHSC collection over this 




FOV took approximately 9 hours and was about 2.5× longer than the targeted scan which 
was about 3.5 hours.  










RHSC 21,204 1.5 31,806 8:50 
Targeted 8,208 1.5 12,825 3:34 
 
Prior to analysis, cosmic rays and background baseline were removed from all spectra.  
In the first RHSC method, the correlation coefficient was calculated for each spectrum 
from within the cube against the library elements for viable and gamma irradiated B. 
anthracis Sterne spores and PHBA for the fingerprint region from 600-1750 cm-1.  The 
SNR for these individual spectra was low, so a correlation threshold of 0.35 was used for 
classification.  This correlation value is lower than is typically used for library matching, 
however for this application where there is a limited number of library elements to be 
identified on a controlled and spectrally flat background substrate such that this type of low 
correlation classification protocol proved effective for low SNR spectra collected in 
RHSCs.  Every spectrum with a correlation coefficient of 0.35 to one of the library 
elements was color coded either green for viable, red for gamma irradiated, or blue for 
PHBA.  If a spectrum had a correlation of 0.35 or higher to more than one library element, 
then the higher of the correlation was used for the classification shown in Figure 4.9a.  The 
registered bright-field and RHSC method results in the averaging of multiple spectra which 
improved the SNR and allows a correlation threshold of 0.7 to be used for classification 
with the results shown in Figure 4.9b.  Finally, the targeted results used the classification 
method described in Section 4.3.3 with a High threshold of 0.8 and a low threshold of 0.6.  
The classification results from the targeted scan is shown in Figure 4.9c.    





Figure 4.9. Classification results for the same FOV analyzed using a) an RHSC, b) a segmented bright-field 








It is difficult to do a direct comparison between the three techniques due to shifting of 
the bright-field image that occurred when registering it to the RHSC.  This results in 
misalignment between the original bright-field image used for targeting and the final result 
both RHSC methods because each covered slightly different FOVs.  Additionally, slight 
changes caused by the interpolation of the registered bright-field cause slightly different 
results using the segmentation algorithm.  However, the three methods produce overall 
similar results.  Table 4.2 compares the results observed from the three methods.  The 
segmentation algorithm identified approximately 500 spore-like objects in both the original 
and registered bright-field image.  The number of viable and gamma irradiated spores using 
the RHSC analysis was estimated by determining the average pixel size for these spores 
and dividing that number into the total number of spectra classified as viable or gamma 
irradiated.  The number of PHBA regions were counted manually.  The classification 
counts for the registered RHSC and targeted results were determined directly from the 
algorithm and are similar to each other overall, however the targeted scan has a slight bias 
toward classifying a spore as viable.   
 





























In the RHSC, 17,763 of the spectra had no C-H stretch feature and 6,661 of the targeted 
spectra fell below the low threshold for analysis meaning that approximately 80% of the 
spectra collected for both methods were extraneous.  For the RHSC, the amount of this 
extraneous sampling depends on how densely the spores are placed onto the substrate.  For 
the targeted scan it depends on the acquisition parameters taken at each spore target 
location.  To understand this, a spectral efficiency term was developed.  This number is 
calculated by dividing the total number of spectra collected by the number of spore-like 
objects identified in the FOV.  For this term a lower number is more efficient with an ideal 
value equaling 1, meaning that each spore can be classified using a single Raman spectrum.  
Alternatively, the inverse of this value can be viewed as a percentage with 1 being equal to 
100% efficiency. As described above, the limitations in stage positioning for the current 
instrumentation requires an area map to be collected at each target.  For the 4×4 settings 
used for this analysis the efficiency is fixed at 16 or 6.25%.  To identify the 497 target 
regions in this image using the RHSC took 21,204 total spectra resulting in an efficiency 
of 42.6 or 2.35%.  Section 4.4 will explore this issue further by analyzing images with 
denser and sparser clusters of spores. 
 
4.4 Targeting in Sparse and Dense Regions 
As shown above, direct targeting of spores for Raman analysis has the potential to 
significantly decrease scan time compared to a full RHSC.  When preparing samples it is 
useful to deposit the spores such that the there is a large number within an FOV but not so 
many that the spores cluster and aggregate.  If the spores aggregate then it is possible that 
some spores will not be able to be analyzed because they are obscured by other spores.  




The images analyzed so far were prepared to have a balance between having a larger 
number of spores to analyze while preventing the spores from aggregating.  In this section 
we will examine scenarios on the two extremes.  The first will have a sparse deposition and 
the second will have a dense deposition. 
 
4.4.1 Sparse Deposition 
A sparse deposition has relatively small number of spores dispersed over an area. A 
sample containing a 50:50 mixture of viable and gamma-irradiated B. anthracis Sterne 
spores was diluted to reduce the spore concentration before being deposited onto an 
aluminum microscope slide. Figure 4.10 shows an example of a sparse FOV.  This bright-
field image contains 244 spores in a 209 × 209 μm area.   A 418 × 418 pixel RHSC was 
taken over this area taking 0.5 μm steps.  A targeted analysis, following the procedure from 
Section 4.3, was also performed.  Both analyses used a 7 mw 532 nm laser with a 1.5 s 
integration time.  Each spectrum in the RHSC and targeted analysis were processed to 
remove cosmic rays and background features. 
The correlation coefficient was calculated for each spectrum in the RHSC compared 
to the library spectra for viable and non-viable B. anthracis Sterne spores and PHBA.  
Figure 4.11 shows a color coded classification showing the viable pixels in green, gamma 
irradiated pixels in red, and PHBA pixels in blue.  The RHSC was rescaled to match the 
size of the bright-field image using a nearest neighbor interpolation.  The brightfield image 
was then registered to the RHSC and the two were overlaid for context to serve as a ground 
truth.  Figure 4.12 shows the classification results using the targeted scan method.  The 




spectra were classified using the method described in Section 4.3.3 using a high threshold 




Figure 4.10. Bright-field image of sparsely dispersed sample. 





Figure 4.11. Spectral classification of sparse RHSC showing viable (green) and gamma irradiated (red) 
spores and PHBA (blue). 
 
 
Figure 4.12. Spectral classification of sparse targeted analysis showing viable (green) and gamma 
irradiated (red) spores and PHBA (blue). 




The results obtained collecting a RHSC and the targeted procedure are similar, 
however the time to collect the required spectra are extremely different. Table 4.3 compares 
the collection time for the two methods.  The RHSC took 174,724 spectra to cover the full 
FOV.  With a 1.5 s integration time this required nearly 73 hours.  The targeted scan was 
able to complete its analysis in less than 2 hours.  The low number of spores in the FOV 
resulted in an efficiency value of 713.2 for the RHSC meaning that it took that many spectra 
on average to account for each spore-like object identified within the FOV.  As described 
previously, collecting a 4 × 4 at each target location fixes the efficiency of this method at 
16.  This example highlights that the benefits of this technique are improved when 
analyzing sparse samples.  The targeted scan of the “moderate density” FOV showed in 
Figure 4.9 gave approximately a 2.7× improvement in efficiency and collection time.  The 
improvement demonstrated on this sparse sample is approximately 44.6×.   
 










RHSC 174,724 245 262,086 72:48 
713.2 
(0.14%) 





The spore density is determined on how the sample is prepared.  Sparse samples allow 
for less ambiguous identification due to the lack of neighboring spores which could 
contribute to the Raman signal if the collection objective is not centered directly on the 
spore.  Sparse samples also allow for easier segmentation.  Additionally, Raman 




spectroscopy has been demonstrated for the detection of biological aerosols that are 
continuously collected from the air, concentrated, and deposited onto a surface for 
interrogation with Raman microscopy [110].  In this type of application, the amount of 
collected aerosol spore-like objects is typically low and incorporating this type of sparse 
targeting could potentially be used to improve performance.  
 
4.4.2 Dense Deposition 
A dense deposition has a relatively large number of spores dispersed over an area.  A 
sample containing 2% viable B. anthracis Sterne spores with and 98% gamma irradiated 
spores was prepared.  The sample was deposited onto an aluminum microscope slide and 
analyzed near the droplet edge after drying.  When a liquid drop dries on a solid surface, 
capillary flow brings liquid from the center toward the outer edge where it evaporates 
causing an increased concentration of any suspended particles near the edge.  This is known 
at the “coffee ring effect” [111].  Figure 4.13 shows an example of a densely dispersed 
FOV containing 1419 spore-like objects in a 92 x 58 μm area.  A RHSC cube was collected 
over this area as well as a targeted analysis following the procedure from Section 4.3.  Each 
spectrum in the RHSC and targeted analysis were processed to remove cosmic rays and 
background features. 
The correlation coefficient was calculated for each spectrum in the RHSC compared 
to the library spectra for viable and non-viable B. anthracis Sterne spores and PHBA.  
Figure 4.14 shows a color coded classification showing the viable pixels in green, gamma 
irradiated pixels in red, and PHBA pixels in blue.  The RHSC was rescaled to match the 
size of the bright-field image using a nearest neighbor interpolation.  The brightfield image 




was then registered to the RHSC and the two were overlaid for context to serve as a ground 
truth.  Figure 4.15 shows the classification results using the targeted scan method.  The 
spectra were classified using the method described in Section 4.3.3 using a high threshold 
of 0.8 and a low threshold of 0.6.  The 2.5 × 2.5 μm scan area are each target area resulted 
in the interrogation of multiple spores at each target location.  If different classes were 
identified within the same target location, then the location was classified corresponding 
to the class that had the highest amount of the 16 spectra associated with it.  This is not the 
method that would be used in the final application of locating a single viable spore mixed 
with a large number of deactivated spores, however it was selected for this example to 




Figure 4.13. Bright-field image of densely dispersed sample 





Figure 4.14. Spectral classification of dense RHSC showing viable (green) and gamma irradiated (red) 
spores and PHBA (blue). 
 
Figure 4.15. Spectral classification of dense targeted analysis showing viable (green) and gamma irradiated 
(red) spores and PHBA (blue). 




The results obtained from the two methods do not match as well for the dense sample 
as the previous examples.  This is due to two main limitations of the targeting method.  
First, as discussed previously, the linear stages within the microscope system introduce a 
positioning error as they move from point to point.  This is overcome in the less dense 
samples by collecting a 4 × 4 Raman map covering 2.5 × 2.5 μm around the target location.  
This area is typically large enough to ensure that the targeted spore is positioned into the 
scanning area and because the sample is less densely populated it possible to ensure that 
the target spore is responsible for the majority of spectra collected in the Raman map.  This 
Raman map covers 6.25 μm2 and an elliptical Bacillus spore with axis lengths of 1.43 and 
1.15 μm (from Section 2.3) covers approximately 1.29 μm2.  In a dense sample the Raman 
map around the spore will include spectra from the target spore, but also a large percentage 
of the spectra will come from spores surrounding the target making it difficult to properly 
classify the target. 
Second, the targeting method relies on the initial segmentation to properly identify 
spore-like objects.  As discussed in Section 2.2.2, higher density images leads to over-
segmentation in the interstitial regions between the spores which reduces the overall 
advantage of the technique.  Table 4.4 compares the targeted method to an RHSC taking 
0.5 μm steps over the FOV.  The times for both methods are based on a 1.5 s integration 
time.  The targeted scan has an additional 1 s added to account for travel time between each 
target location.  The large number of closely packed targets identified in the bright-field 
image (1,419) resulted in an oversampling of the densest portion of the image with over 
2,000 more spectra being collected using the targeted scan compared to simply collecting 
the RHSC.  The collection time for the RHSC is also almost 1.5 hours shorter than the 




targeted method.  After the bright-field image was registered to the RHSC, the 
segmentation algorithm identified 123 fewer spore-like targets due to the slightly shifted 
FOV and the interpolation within the image leading to the calculation of slightly different 
watershed lines.  With this reduced number of spores in the FOV, the efficiency for the 
RHSC method is 15.8, making it slightly more efficient than the targeting method. 
 










RHSC 20,520 1,296 30,780 08:33 
15.8 
(6.32%) 





This examination of a dense sample highlights the limitations of this technique.  To 
get the advantages of the targeted method spores should sparse enough to allow for proper 
segmentation and allow for Raman interrogation with minimal interference from 
neighboring spores.  The advantages of the technique increase with more sparse samples, 
however in should be noted that if samples become too sparse then overall distance traveled 






OPTIMIZED SMART TARGETING OF VIABLE 
SPORES 
5.1 Introduction 
The process of using the segmented bright-field image to locate individual spores for 
Raman interrogation discussed Section 4.3 can significantly reduce the overall scan time 
compared to a full RHSC, however to sample 1,000,000 spores in this manner to confirm 
a 10-6 sterility assurance level would still require approximately 290 days of constant 
scanning using a 1.5 s integration time with a 4 × 4 Raman map at each target.  To further 
improve the scan time, it is possible to use the cytometric information described in Chapter 
2 to preferentially target spores which have viable characteristics (i.e., longer minor axis 





procedure as shown in Figure 5.1.  This type of smart targeting has shown usefulness in 
forensic applications and leads to a reduction in the time required to analyze the sample by 
predetermining the location of the spores and interrogating only those locations [112, 113]. 
 
 
Figure 5.1.  Flow chart showing the smart targeting procedure 
 
The size and shape information discussed in Section 2.3 showed a limited ability to 
discriminate viable from gamma irradiated spores on its own, but the data can be used to 
preferentially target spores that have a higher likelihood of being viable.  The following 
sections detail a practical demonstration of this smart-targeting technique on a 220 x 220 
μm field of view containing approximately 7000 spores from a 1:1000 mixture of viable to 
gamma irradiated spores, compares the results to an RHSC used as ground truth, and 














5.2 Sample Information 
The bright-field image shown in Figure 5.2 is stitched together from 16 images taken 
at 100x magnification to cover a FOV of 220 x 220 μm.  The image contains approximately 




Figure 5.2. Bright-field image showing 220 x 220 um region containing a 1:1000 mixture of viable to gamma 
irradiated B. anthracis Sterne spores.  




5.3 Raman Hyperspectral Ground Truth 
A RHSC was collected over the region to serve as ground truth to evaluate the 
performance of the smart-targeting procedure.  An area of 205 x 205 μm was measured in 
0.5 μm steps to generate a 410 x 410 pixel RHSC.  The laser power was set to 7 mW. An 
integration time of 0.25 s was used in order to keep the overall scan time reasonable.  To 
cover the entire FOV using this integration time took approximately 24 hours.  As 
discussed in Section 3.3.2, the Raman signal recorded using integration times this short are 
weak.  This made library matching using the correlation coefficient (as shown in previous 
RHSC analyses throughout this thesis) impractical, however single and multi-peak 
analyses of the spectra allowed for the generation of useful ground truth data. 
When analyzing the RHSC of this region, four main spectral constituents were 
identified (not including background): gamma irradiated spores, viable spores, PHBA, and 
an unknown compound which was likely cellular debris remaining from sporulation or 
growth media.  Figure 5.3 shows average spectra extracted from the RHSC for these 
materials.  Using the average spectra for these constituents, it was possible to identify 
specific peaks that could be used to classify individual lower SNR spectra within the 
RHSC. 





Figure 5.3. Different spectral constituents identified from the ground truth RHSC. 
 
To classify the viable spores, PHBA, and unknown debris, the intensity of single peaks 
were divided by the maximum signal intensity measured in the blank spectral region from 
2165-2401 cm-1.  For viable spores, the comparison used the CaDP peak at 1021 cm-1.  For 
PHBA, the 1730 cm-1 peak was used.  The 1444 and 2886 cm-1 peaks of the unknown 
cellular debris were used for its classification.  Additionally, the maximum intensity from 
2929-2951 cm-1 corresponding to the C-H stretch was ratioed to the blank spectral region. 
After these values were calculated, the following process was used for classification: 
1. If the CaDP ratio was > 2 and the C-H ratio > 3 then the pixel was classified 
as viable 
2. If the PHBA ratio was > 2 and the C-H ratio > 3 then the pixel was classified 
as PHBA 




3. If the 1444 cm-1 debris peak ratio was > 2 and the 2886 cm-1 peak was > 20 
then the pixel was classified as debris 
4. The peaks in the spectral fingerprint region (600-1800 cm-1) for the gamma 
irradiated spores were weak which made classifying off a single peak 
challenging so pixels were classified as gamma irradiated if the C-H stretch 
ratio was > 3 but did not fall into any of the previous three classes. 
Figure 5.4 shows the classification results for the RHSC.  Table 5.1 summarizes the 
classification results.  Of the 168,000 spectra collected in the RHSC, nearly 80% were 
classified as background meaning there was no C-H stretch present in the spectra.  The 
majority of the remaining 20% were classified as gamma irradiated spores.  The remainder 
is made up of viable spores (0.02%), PHBA (0.37%), and cellular debris (0.10%).  Only 
35 spectra were classified as viable compared to the 33,472 classified as gamma irradiated.  
Figure 5.5 shows the location of the viable classified pixels since finding these spores are 
the main objective of the smart targeting procedure.  The 35 spectra clustered into 12 
regions ranging from 1 to 5 pixels in size.  Average spectra from each of these 12 clusters 
are shown in gray in Figure 5.6 and compared to the green library spectrum for viable 
spores in the fingerprint region from 600-1800 cm-1).  All of the spectra show a significant 
CaDP peak at 1021 cm-1 giving confidence that these 12 clusters were correctly identified 
as viable. 

















Table 5.1. Classification summary for ground truth RHSC 
Class Number of Spectra % of FOV 
Background 133790 79.59% 
Gamma 33472 19.91% 
Viable 35 0.02% 
PHBA 629 0.37% 
Debris 174 0.10% 
 
 
Figure 5.5. Location of viable spores from ground truth RHSC (shown as green pixels which have been 
circled for clarity) 





Figure 5.6. Averaged Raman spectra from each of the 12 clusters classified as viable spores (gray) 
compared against the viable spore library spectrum (green). 
 
5.4 Smart Targeting Criteria 
Section 2.3 showed that a certain level of discrimination between viable and gamma 
irradiated spores could be obtained with the size and shape characteristics determined using 
the bright-field image of a spore.  In general, it was shown that the viable spores had a 
larger minor axis length and larger area than the gamma irradiated spores.  Using the 
histograms shown in Figure 2.9, thresholds were created to set five priority levels based on 
the following criteria: 
 Priority 1 (most likely to be a viable spore):  Minor axis length greater than 0.88 
μm and less than 1.46 μm AND area greater than 1.06 μm2 
 Priority 2:  Minor axis length less than 0.88 μm AND area greater than 1.06 
μm2 
 Priority 3:  Minor axis length greater than 0.88 μm and less than 1.46 μm AND 
area less than 1.06 μm2 
 Priority 4:  Minor axis length less than 0.88 μm AND area less than 1.06 μm2 




 Priority 5 (least likely to be a viable spore):  Minor axis length greater than 1.46 
μm 
The bright-field image shown in Figure 5.2 was segmented using a 15 pixel disk 
shaped structuring element, a 3 × 3 spatial filter, and an intensity threshold of 15.  Regions 
were required to have an area from 22 to 2500 pixels.  Any regions whose centroids were 
closer than 0.65 μm apart were combined into a single target.  This resulted in 6788 spore-
like targets identified in the FOV.  Table 5.2 shows how many regions were classified into 
the five priority levels.  Approximately 25% of the spores returned as Priority 1 for further 
analysis. 
Table 5.2. Number of spore-like regions in each priority level 
 Identified Regions Percentage of Total 
Priority 1 1753 25.8% 
Priority 2 123 1.8% 
Priority 3 1261 18.6% 
Priority 4 3384 49.9% 
Priority 5 267 3.9% 
Total 6778  
 
5.5 Priority Scan Results 
A targeted Raman analysis was performed on all the regions identified as Priority 1. 
Each region was classified as either viable, gamma irradiated or PHBA using the method 
described in Section 4.3.3 with a high threshold of 0.8 and a low threshold of 0.6.  The 
results are shown in Figure 5.7 with all the viable detections being circled in green or purple 
for clarity.  The green circles correspond to viable spores that were identified in both this 
Priority 1 scan and in the RHSC analysis.  Overall, 10 of the 12 viable spores identified in 




the RHSC were also identified in the priority scan method.  In addition to those 10, one 
additional viable spore (circled in purple) was identified using the smart targeting method 
that was not properly classified using the RHSC analysis. 
 
 
Figure 5.7. Classification results from Priority 1 targets. 
 
Viable spore from RHSC targeted and identified 
Viable spore from RHSC not in Priority 1 
Viable spore identified that was not located in RHSC 




 Two viable spores identified in the RHSC analysis were not identified in the 
Priority 1 scan.  The approximate locations of these missed identifications are marked with 
the orange circles.  A detailed view of the missed spore located in the lower left-hand side 
of Figure 5.7 in shown in Figure 5.8.  The figure shows the same FOV of the spore in the 
bright-field image, segmentation image, and RHSC classification image with the specific 
spore being marked with an arrow in each.  This spore was properly segmented, however 
the minor axis length of 0.89 and an area of 0.84 categorized it as Priority 4 and it was not 
scanned.  The edges of the spore are noticeably more blurred then the spores around it 
meaning that the spore may oriented in a way that caused it to be slightly out of focus when 
the bright-field image was collected. 
 
 
Figure 5.8. Detailed view of missed detection 1 showing the bright-field image (left), segmented regions 
(center), and RHSC classification (right). 
 
 Figure 5.9 shows a similar detailed view of the missed spore located on the right-
hand side of Figure 5.7.  In this case, the spore was not segmented at all and therefore the 
size parameters could not be measured nor could the spore be targeted for Raman 
analysis.  Similar to the previous missed spore, the edges of the spore appear blurred 
implying that the spore is oriented in a way that placed it outside the focal plane of the 




microscope objective.  However, in this instance the pre-processing performed by the 
segmentation algorithm (spatial filtering and background removal) created a discontinuity 
on the watershed line that prevented the spore from being demarcated as its own region 
and was instead considered background. 
 
 
Figure 5.9. Detailed view of missed detection 2 showing the bright-field image (left), segmented regions 
(center), and RHSC classification (right). 
 
As mentioned above, the targeted analysis did identify a viable spore that was not 
identified in the RHSC analysis.  A detailed view of this region is shown in Figure 5.10a 
with the specific spore marked with the arrow.  Figure 5.10b shows the classification results 
from the RHSC which had six pixels whose spectra exhibited a C-H stretch feature, but not 
the 1021 cm-1 CaDP peak to be classified as viable. Figure 5.10d shows the average of 
these 6 spectra in purple with the individual spectra in gray behind it.  The average 
spectrum closely matches the gamma irradiated library shown at the top in red.  
Figure 5.10c shows the intensity of the CaDP peak over the 4 × 4 scan area.  The two 
scans on the lower right hand side are significantly stronger than the other 14 spectra.  
These two spectra closely match the viable library (shown in green in Figure 5.10d) with 




both having correlation coefficients of 0.85.  The average of these viable spectra are shown 
in yellow with the individual spectra in gray behind. 
 
 
Figure 5.10. Detailed view showing the bright-field image (a) and RHSC classification (b) of the viable 
spore identified using the smart targeting analysis, but not in the RHSC. c) Intensity of the CaDP peak at 
1021 cm-1 for the 4×4 Raman map collected at the target location. d) Raman spectra from the identified 
cluster of the RHSC (purple) compared to the two spectra from the targeted scan identified as viable 
(yellow).  Library spectra for gamma irradiated (red) and viable (green) spores are shown for reference. 
 
There are two possible explanations for this discrepancy.  The first is that the short 
(0.5 s) integration time in the RHSC reduced the SNR of the collected spectra to a point 
where a viable spore was misclassified as gamma irradiated.  However this explanation 








integration time for other viable spores.  Additionally, the weaker 1005 cm-1 peak is present 
in the RHSC implying that there is enough Raman signal being collected.  The spore is not 
in contact with any other spores which makes it possible to unambiguously associate six 
specific RHSC spectra with the spore.  The correlation coefficient of the average of these 
spectra compared to the gamma irradiated library is 0.78.  When compared to the viable 
library the correlation coefficient is 0.54. 
The second, and more likely, explanation is that misalignment in the stage positioning 
caused a portion of the nearby viable cell to be inadvertently collected.  The edges of the 
two viable classified (green) spores in Figure 5.10a are approximately 3.4 μm apart in the 
y-axis.  Looking at the peak intensity of the Raman map in Figure 5.10c shows that the 
viable spore was in the lower right-hand portion of the FOV.  The stage likely positioned 
the center of the Raman map FOV slightly lower than the target spore which resulted in 
spectra being collected from this lower viable spore.  Since the detection results prioritize 
all viable detection results that caused this spore to be misclassified as viable.  However 
since the goal in this application is to find whether or not there are any viable spores present 
in the overall sample, misclassifying a single spore as viable based on a nearby viable spore 
is acceptable.  The larger concern is the overall precision and reproducibility of the 






  In this thesis, we detailed the development of a novel optical method and 
demonstrated an approach using image analysis and Raman microscopy to rapidly 
determine the viability of Bacillus spores. 
To do this we developed a procedure that was able to segment bright-field images of 
spores with an accuracy of 97.4% in the test images.  Size and shape information was 
extracted from these segmented regions from populations of viable and gamma-irradiated 
spores which showed differences that could be used to perform a level of classification 
based on the bright-field image alone.  Using just the measured minor axis length it was 
possible to classify 67% of the spores with an 18% misclassification rate. 
Raman microscopy was then studied as an additional analysis technique to improve 
on the classification rate.  Raman microscopy was capable of discriminating viable spore 




from spores inactivated using both gamma irradiation and autoclaving for B. athracis 
Sterne, B. atrophaeus, B. megaterium, and B. thuringiensis kurstaki.  Spectra were taken 
from spore biomarkers which determined that the spectral changes between the viable and 
inactivated spores were caused by changes in the CaDP concentration within the spore’s 
core. 
Three different Raman methods were demonstrated that allowed for the discrimination 
of viable and inactivated spores mixed within the same FOV.  For the first, an RHSC was 
collected over the area and each pixel location could be classified either by comparing to a 
library spectrum or by looking for specific peaks.  The second method used the same RHSC 
but also had the bright-field image registered with the RHSC.  The bright-field image was 
then segmented with specific pixels within the bright-field being mapped onto the RHSC.  
This allowed for a weighted spectrum to be created for each spore to improve the SNR and 
improve classification.  However, both of these methods use the entire RHSC, which is 
slow to collect over large areas.  Additionally, the method in which the spores are deposited 
onto the microscope slide for analysis caused for a large percentage of the analysis time to 
be wasted on regions of the sample where no spores were present. 
To overcome this limitation, the third method was demonstrated.  This method used 
the segmented bright-field image to locate the centroid of each spore and then direct the 
microscope objective to that location for analysis.  The current methodology to confirm 
inactivation requires a sampling of spores to be placed into growth media and monitored 
for 14 days to confirm a lack of germination.  In order for this technique to a usable 
orthogonal method, it must be able to assess 1,000,000 spores in order to reach a SAL of 
10-6.  To improve the speed in which viable spores are located, a practical demonstration 




was performed using a smart-targeting approach which incorporated the size and shape 
information from the segmented bright-field image to preferentially target spores that are 
more likely to be viable.  In the demonstration a 1:1000 mixture of viable to gamma 
irradiated spores was prepared.  The FOV contained 6778 total spores, of which 12 were 
viable.  The smart-targeting procedure identified 1753 spores (25.8% of the total) as 
potentially viable spores.  After the targeted Raman analysis it was determined that this 
subset contained 10 (83.3%) of the viable spores.  The bright-field image of two missed 
spores had focus problems which prevented one from being segmented and may have 
affected the size characteristics of the other. 
The main issue observed with this technique was positioning precision of the linear 
stages within the microscope.  The microscope uses two stages; one uses a stepper stage 
that covers a relatively large scanning range and the other is a high precision piezo stage 
with small scanning range.  In order to position with the accuracy and total range required 
to target the spores both stages are used, however repetition accuracy and hysteresis in the 
stages causes the positioning to drift over use.  To overcome this issue for our 
demonstration, a 16 spectrum Raman map was collected over a 2.5 × 2.5 μm in order to 
overfill the target spore.  This was done to ensure that even if the stage became misaligned, 
the some portion of the target spore should still be located within the scan area.  This 
limitation will need to be overcome in order to make this a practical analysis technique. 
Improving on the stage precision will allow for the reduction in the number of spectra 
collected per spore.  Figure 6.1 shows an overlay of different sizes of Raman map and how 
they compare in size to the spore itself.  Reducing this value also improves the efficiency 
factor which for all our demonstrations was fixed at a value of 16 (6.25%).  Reducing the 




number of spectra collected in the Raman map has a significant impact in the overall 
collection time.  Table 6.1 shows the time required to collect one million spectra using 
different collection parameters.  This would be the number of spores required to confirm 
an SAL of 10-6.  The analysis time includes both the integration time and 1 s to account for 
travel time between spores.  Using the current settings would require 290 days of analysis.  
Reducing the integration time has a near linear effect on the overall analysis time.  Using 
an integration time of 0.5 s, which was shown to provide a reasonable SNR in Section 
3.3.2, has a significant improvement, but the overall analysis time is still 93 days. 
 
 
Figure 6.1. Example spore showing the size of a a) 4×4, b) 3×3, and c) 2×2 Raman maps and d) single 
point spectrum which could be used for interrogation. 
 
The current method to confirm viability takes 14 days.  The only way that Raman 
analysis could measure one million spores in that time frame with reasonable SNR is to go 
to a single scan measurement.  Using a single scan and 1 s integration allows for the 




a) b) c) d) 




Table 6.1. Time to analyze one million spores using different acquisition parameters. 
Integration Time (s) Raman Map Size Time to Analyze 
1,000,000 Spores (Days) 
1.5 4×4 289.4 
1 4×4 185.2 
0.5 4×4 92.6 
   
1.5 3×3 156.3 
1 3×3 104.2 
0.5 3×3 52.1 
   
1.5 2×2 69.4 
1 2×2 46.3 
0.5 2×2 23.1 
   
1.5 Single Spectrum 17.4 
1 Single Spectrum 11.6 
0.5 Single Spectrum 5.8 
 
 
Given these results it is unlikely this method will replace the traditional procedure of 
confirming lack of growth from an inactivated spore.  Currently available linear stages do 
not have the combination or overall travel range, precision, and travel speed to make the 
analysis of enough spores to confirm the requires 10-6 SAL practical.  However, the smart 
targeting procedure demonstrated the ability to more rapidly locate a small amount of 
viable spores mixed with inactivated spores which could identify a batch of spores that 
were not fully inactivated more rapidly than the traditional approach.  
 
6.1 Future Work 
Future development of this technique requires positioning stages that have a 
combination of a relatively large overall travel range (10+ mm) with a small repetition 
accuracy (<10 nm).  This combination is required to interrogate the large number of spores 
required to confirm the 10-6 SAL without accumulating a large enough positioning error to 




cause the Raman laser to miss target spores.  Advancements in stage positioning will be 
monitored and incorporated into the configuration as stage technology improves. 
Currently, the targeting and spectral library analysis are performed offline from the 
microscope system.  This process involves collecting the bright-field image on one 
computer system, transferring it to another for targeting in Matlab, copying the target list 
back to the microscope for Raman collection, and then copying the Raman spectra back to 
the other computer for spectral processing.  The processes performed on these two 
computer systems will be combined so that the data collection and processing are 
performed on the same computer.  Software applications will be developed to automate the 
process to minimize the amount of human intervention required and reduce the overall 
acquisition and analysis time. 
Finally, this work demonstrated the ability for Raman microscopy to discriminate 
viable B. athracis Sterne, B. atrophaeus, B. megaterium, and B. thuringiensis kurstaki 
spores from those that had been deactivated using gamma irradiation and autoclaving.  
These same spores will be inactivated using two different methods of chemical inactivation 
(bleach and aldehyde) and one additional radiative method (short wavelength ultraviolet 
[100-280 nm]).  Raman spectra will be collected from the four spore species with all 
deactivation methods.  The spectra will be analyzed to determine whether Raman 
microscopy can be used to differentiate viable and non-viable for all these deactivation 
methods.  Additional analysis will be performed comparing the spectra collected using the 
different inactivation methods to better understand the chemical and physical changes that 






The following study of acetylcholinesterase levels in whole sheep’s blood using 
Raman spectroscopy was completed prior to the previously discussed study of Bacillus 
spores.  It was presented at the 2014 SPIE Sensing Technology + Applications conference 
in Baltimore, Maryland.    The work in this Appendix was originally published in the 
proceedings of that conference: 
Phillip G. Wilcox, Jin U. Kang, "Raman spectroscopic analysis of whole blood 
acetylcholinesterase," Proc. SPIE 9112, Sensing Technologies for Global Health, 
Military Medicine, and Environmental Monitoring IV, 91120V (5 June 2014); 
doi: 10.1117/12.2052701 
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A.1 Abstract   
Raman spectra were taken from whole sheep’s blood with varying levels of 
acetylcholinesterase (AChE) inhibition using 229 and 532 nm laser excitation wavelengths.  
AChE levels were inhibited using the organophosphates malathion, paraoxon-ethyl, and 
octamethyldiphosphoramide and confirmed using the Ellman method.  This AChE activity 
level was investigated with the Raman spectra and analyzed using a partial least squares 
calibration and cross validation to determine if the AChE activity could be predicted from 
the Raman spectrum.  Correlation scores of 0.78 and 0.26 between the measured and 
predicted AChE activity were observed using 229 and 532 nm excitation, respectively.  An 
estimated limit of detection was found to be approximately 0.01 ΔA/min.   
 
A.2 Introduction  
Acetylcholinesterase (AChE) is an enzyme used to break down the neurotransmitter 
acetylcholine. Exposure to organophosphate (OP) nerve agents and insecticides can inhibit 
AChE levels which can lead to a range of physiological responses including restlessness 
and agitation to seizures, coma, and eventually death [114].  There are currently two main 
methods used to measure AChE activity – the Ellman assay and the Michel assay.  Both 
methods involve drawing a blood sample from a patient, adding reagents, and observing a 
chemical reaction over several minutes.  The Ellman assay (or modified versions of it) 
measures the change in optical absorbance at a fixed wavelength and the Michel method 
measures the change in pH [115, 116].   
Appendix A: Raman Spectroscopic Analysis of Whole Blood Acetylcholinesterase 
132 
 
A drop in AChE activity levels can indicate OP exposure even before symptoms are 
present.  A quick test without any consumables would allow for more frequent monitoring 
of AChE activity and could reduce the time between exposure and beginning treatment.  In 
this effort, we examined the ability to use ultraviolet (UV) and visible Raman spectroscopy 
as a rapid and reagentless method to measure AChE activity in whole blood.  Raman 
scattering has been used to measure other constituents of whole blood such as glucose, 
cholesterol, and hemoglobin [117, 118], but to the best of our knowledge no one has tried 
to determine AChE activity levels.  Raman spectroscopy can be scaled to interrogate very 
small volumes of liquid which would reduce amount of blood needed down to a finger 
prick instead of a full blood draw. 
 
A.3 Experimental Setup 
To determine whether Raman spectroscopy can be used to measure AChE activity, 
Raman spectra were taken on heperinized whole sheep’s blood (Hemostat Laboratories, 
Dixon, CA) using various excitation wavelengths.  All blood samples arrived the day after 
it was drawn from the animal.  Blood was stored at 5 oC between arrival and used less than 
11 days later.  AChE levels were inhibited using the organophosphates paraoxon-ethyl 
(CAS# 311-45-5), malathion (CAS# 121-65-5), and octamethyldiphosphoramide (OMPA 
– CAS# 152-16-9).  The paraoxon-ethyl and malathion were commercially available from 
Sigma-Aldrich (St. Louis, MO) and the OMPA was acquired through a custom synthesis 
from Hestia Laboratories (New Berlin, WI).  An Ellman assay (described in section 2.3) 
was run simultaneously with the UV and visible Raman measurements to correlate the 
spectra to a known AChE activity level. 




A.3.1 Blood Sample Preparation and Measurements 
At the beginning of each sequence of measurements, the heparinized whole sheep’s 
blood was added to three containers.  4 mL was placed in a glass vial for the 532 nm Raman 
measurements and organophosphate contamination, 0.5 mL was placed in a small 25 mm 
wide open air dish for 229 nm Raman measurements, and 5 μL was added to a 10mm 
square polystyrene UV-Vis cuvette for Ellman measurements.  These measurements were 
run simultaneously.  After these measurements were completed, 0.2 μL of one of the OP 
compounds was added to the 4 mL glass vial and slowly inverted 10 times to ensure 
thorough mixing and placed in an ice bath for 5 minutes.  After 5 minutes, 0.5 mL of the 
mixture was taken for 229 nm Raman measurements, 0.5 μL was taken for the Ellman 
assay, and the remaining ~3.5 mL was taken for 532 nm Raman measurements – which 
were run simultaneously.  Afterwards, another 0.2 μL of OP compound was added to the 
remaining ~3.5 mL vial and the sequence was repeated until the AChE level was fully 
inhibited. 
 
A.3.2 Raman Instrumentation 
The 229 nm measurements were collected using a Princeton Instruments Acton 
SP2500 Spectrometer and Pixas 2K camera with approximately 8 cm-1 resolution.  The 229 
nm excitation came from a Coherent Sabre FreD continuous wave (CW) frequency doubled 
argon ion laser which delivered approximately 5 mW at the sample.  All samples were 
measured in an open air plastic dish approximately 25 mm in diameter.  A magnetic stir 
bar was used to minimize damage to the sample caused by the UV laser.  The 532 nm 
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measurements were collected using high resolution echelle spectrograph from EIC 
Laboratories with Andor iDus 420A-OE CCD camera with approximately 1 cm-1 
resolution.  The 532 nm excitation light came from an Oxxius 532-300-COL-PP CW 
frequency doubled single longitudinal mode Nd:YAG laser.  532 nm excitation and 
collection was performed through an EIC RamanProbe fiber optic probe which delivered 
approximately 150 mW to the sample.  All blood samples were measured through a 4 mL 
glass vial. 
 
A.3.3 Ellman Assay 
AChE levels were measured using the Ellman assay [115].  Prior to the measurements 
2 reagents were made.  The first was a 10.6 mM solution of 5,5’-dithiobis(2-nitrobenzoic 
acid) (DTNB – CAS# 69-78-3) in phosphate buffer solution (PBS).  This DTNB solution 
is also known as Ellman’s reagent.  The second reagent was a 76.3 mM solution of 
acetylthiocholine iodide (ATCI – CAS# 1866-15-5).  The PBS used for these 
measurements was at 1.0 M and 7.4 pH (25 oC).  All reagents were stored at 5 oC and were 
used within 30 days. 
To perform these measurements, 3 mL of PBS was placed in a 10x10 mm polystyrene 
cuvette.  The cuvette was placed into a Thermo Evolution 60 UV-Visible spectrometer to 
take a reference background spectrum.  Then 5 μL of whole blood, 25 μL of DTNB 
solution, and 20 μL of ATCI solution were added to the PBS.  The cuvette was then inverted 
approximately 10 times and returned to the spectrometer.  The optical absorbance at 410 
nm was monitored for 5 minutes.  A linear fit was used to determine the change in optical 
absorbance over time (ΔA/min).  This change in absorbance directly corresponds to 
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enzyme activity (μmol/L/min) through the factor of 13.6 mM-1·cm-1.  Throughout the 
remainder of the paper all AChE activity values are given in ΔA/min.  For reference, 
uninhibited blood ΔA/min varied from 0.17-0.26 ΔA/min with fully inhibited blood getting 
as low as 0.00087 ΔA/min. 
 
A.4 Data 
Raman spectra of the uninhibited blood were taken at 4 different excitation 
wavelengths ranging from the visible to near-infrared at the beginning of this effort.  Figure 
shows a representative spectrum from each wavelength along with the integration time.  
The 785 nm excitation resulted in a large fluorescence signal which overwhelmed the 
Raman signal.  Raman scattering has a relationship proportional to λ-4 which can be 
observed as the required integration time greatly reduced from 300 s to 10 s as the 
excitation wavelength shortened from 785 nm to 229 nm. 
 
 
Figure A.1. Raman spectra for uninhibited whole blood using 785, 532, 244, and 229 nm excitation with 
integration times ranging from 10-300 seconds. 
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Based on our test configuration, only one UV wavelength could be selected for further 
AChE measurements therefore 229 nm was selected along with 532 nm for further analysis.  
The integration time of 60 s for 532 nm and 10 s for 229 nm were kept constant throughout 
the study.  Five (5) spectra were collected at 532 nm and ten (10) spectra were collected at 
229 nm for each AChE concentration.  Figure A.2 shows the average spectrum for each 
AChE concentration for 532 nm (left) and 229 nm (right). 
 
 
Figure A.2. Average Raman spectrum for each measured AChE concentration using excitation 
wavelengths of (A) 532 nm and (B) 229 nm.  Expanded views from ~1000-1700 cm-1 are shown for (C) 532 
nm excitation and (D) 229 cm-1 excitation.  Concentration values are listed in the legend and expressed in 
ΔA/min acquired using the Ellman assay. 
 
  




A.5.1 Data Pretreatment 
Some of the 229 nm spectra had cosmic rays which were removed using a five point 
median filter.  A seven point mean filter was then used to smooth the data.  The 532 did 
not have cosmic rays and was not median filtered.  Because the 532 nm spectra were taken 
on a higher resolution instrument a wider mean filter of 23 points was used to smooth the 
data.  All spectra were normalized to a common area. 
A.5.2 Partial Least Squares Calibration 
All spectra were individually analyzed using PLS calibration.  This technique is 
detailed by Haaland and Thomas [119].  The PLS calibration algorithm combines the 
Raman spectra and the measured Ellman values to generate two outputs – the PLS loading 
vectors and a relating score vector.  The PLS loading vectors are a series of i component 
spectra that can be linearly combined to create each of the Raman spectra, S, using a series 
of scalars, ai, and some residual R as shown in Equation 1. 
 𝑆 = 𝑎1𝑉1 + 𝑎2𝑉2 + ⋯ 𝑎𝑖𝑉𝑖 + 𝑅 (A.1) 
The relating score vector relates the ai scalars to the measured Ellman concentration, 
cm.  The loading vectors and relating score vector can then be applied to an unknown 
spectrum and predict the concentration, cp.  The data was analyzed using a cross validation 
in which all replicate spectra taken at a given AChE data were removed and the loading 
and relating score vectors were created using the remaining dataset.  The removed spectra 
were then analyzed one at a time using these vectors to predict the concentration of the 
removed spectra.  These results were then compared against the measured values.  This 
was repeated until the concentrations had been predicted for all spectra.  The 229 nm data 
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used 6-8 loading vectors and the 532 nm data used 4-8 loading vectors.  These numbers 
were selected to minimize the root mean squared error of prediction (RMSEP) defined in 
Equation 2, where n is the total number of spectra collected. 







In addition to full spectrum analysis, the spectra were truncated so that only certain 
areas of the spectrum were used in the analysis.  Spectral windows around the Raman 
fingerprint region of 700-1700 cm-1 were isolated for analysis, but did not significantly 
change the results as shown in Table A.1 (532 nm) and Table A.2 (229 nm).  Figure A.3 
shows the prediction plot for analysis of the 708-1056 cm-1 region for 229 nm excitation 
and 1257-1656 cm-1 for 532 nm excitation.  The measured Ellman concentrations are along 
the x-axis and the PLS prediction concentration is along the y-axis. The prediction for the 
532 nm data was slightly better than the 229 nm data with a lower RMSEP (0.01247 
compared to 0.02255) and a higher Pearson correlation (0.492 compared to 0.238); 
however the error for both is too large to provide any useful prediction information. 
 
Table A.1. Correlation and RMSEP values for PLS predictions calculated using Raman spectra collected 
with 532 nm laser excitation. 
Spectral Range Correlation RMSEP # of PLS Vectors 
562-3991 cm-1 
(Whole Spectrum) 
0.031 0.01524 5 
636-1656 cm-1 0.326 0.01394 5 
1011- 1447 cm-1 0.351 0.01457 8 
1257-1656 cm-1 0.492 0.01247 7 
1479-1656 cm-1 0.358 0.01375 6 
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Table A.2. Correlation and RMSEP value for PLS predictions calculated using Raman spectra collected 
with 229 nm laser excitation. 
Spectral Range Correlation RMSEP # of PLS Vectors 
460-3200 cm-1  
(Whole Spectrum) 
0.115 0.02886 8 
708-1746 cm-1 0.203 0.02538 8 
708-1056 cm-1 0.238 0.02255 6 
1104-1810 cm-1 0.150 0.02581 8 




Figure A.3. Comparison of PLS predicted concentrations to Ellman measured values for 532 nm from 
1257-1656 cm-1 (left) and 229 nm from 708-1056 cm-1 (right).  Analysis was performed using a cross 
validation technique.  Plots list the RMSEP and Pearson correlation score, r. 
 
During analysis, two trends were noticed.  First, the spread of the predicted data was 
larger than expected.  This was attributed to photo damage from the lasers.  To mitigate 
this effect in the calculations, only the first two spectra collected at each concentration was 
used in the calculations below.  Additionally, it was noticed that the data points with low 
AChE activity had worse correlation than the data points with higher AChE activity.  This 
can be observed by looking at 229 nm data in Figure A.3.  The average prediction 
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concentrations at the concentrations above 0.01 ΔA/min follows a trend in the correct 
direction, however the average of the prediction values less than 0.01 ΔA/min remains 
fairly constant.  The data was reanalyzed to include only the concentrations above 0.01 
ΔA/min with the results shown in Table A.3 and Figure A.4. 
 
Table A.3. Correlation and RMSEP value for PLS predictions calculated using Raman spectra collected 
with 532 nm laser excitation for samples with concentrations >0.01 ΔA/min. 
Spectral Range Correlation RMSEP # of PLS Vectors 
562-3991 cm-1 
(Whole Spectrum) 
0.037 0.00602 16 
636-1656 cm-1 -0.036 0.00571 3 
1011- 1447 cm-1 0.116 0.004938 7 
1257-1656 cm-1 0.310 0.00477 7 
1479-1656 cm-1 0.233 0.005127 6 
 
 
Table A.4. Correlation and RMSEP value for PLS predictions calculated using Raman spectra collected 
with 229 nm laser excitation for samples with concentrations >0.01 ΔA/min. 
Spectral Range Correlation RMSEP # of PLS Vectors 
460-3200 cm-1  
(Whole Spectrum) 
0.895 0.00230 6 
708-1746 cm-1 0.915 0.00208 7 
708-1056 cm-1 0.865 0.00284 4 
1104-1810 cm-1 0.831 0.00282 3 








Figure A.4. PLS Prediction plots using the first two spectra at each points where AChE activity was 
measured at greater than 0.01 ΔA/min for 532 nm from 1257-1656 cm-1 (left) and 229 nm from 708-1746 
cm-1 (right). 
 
The analysis performed in Figure A.4 covers the same the spectral regions as the 
Figure A.3 analysis (708-1056 cm-1 for 229 nm and 1257-1656 cm-1 for 532 nm).  The 
RMSEP for both excitation wavelengths decreased and the correlation greatly increased 
for the 229 nm data.  The 229 nm data used four (4) loading vectors and the 532 nm used 
seven (7).  Correlation values above 0.9 were obtained by analyzing the 708-1746 and 
1486-1810 cm-1 regions of the 229 data using 7 and 8 loading vectors to minimize the 
RMSEP, respectively.  If the number of loading vectors is reduced to 4 (708-1746 cm-1) 
and 3 (1486-1810 cm-1), the correlations still remain at 0.877 and 0.830.  The analysis on 
this reduced data set points to a limit of detection of approximately 0.01 ΔA/min.  For 
comparison, uninhibited blood varied from 0.17-0.26 ΔA/min in this study. 
 
  




There was no main spectral feature that could be directly correlated to AChE activity, 
however using a multivariate PLS calibration technique focused from 708-1810 cm-1 it was 
possible to predict a trend in AChE activity using Raman spectra using 229 nm excitation.  
This spectral region includes a number of peaks which changed in intensity and shifted 
frequency as the AChE levels changed.  This does not show the same quality of results as 
a laboratory technique, but could potentially be used as a screening for a blood draw and 
more precise measurement using the current methodology.  After analyzing the Raman 
data a limit of detection corresponding to approximately 0.01 ΔA/min was noticed.  
Removing this data from the training algorithm significantly improved the prediction 
results.  The technique is rapid and reagentless and could be performed on very small blood 
samples (i.e. finger prick) which could be performed with greater frequency.  More 
frequent measurements would lead to earlier diagnosis and treatment of OP exposure.   
From this study, it is unclear whether the spectral changes directly relate to AChE 
activity or a different chemical reaction related to the introduction of OP compounds to the 
blood, but ultimately may not matter as long as it is a consistent effect of OP poisoning.  
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